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PREFACE

The Joint International Symposium on Molten Salts is a joint
effort between the Electrochemical Society and the Electrochemical
Society of Japan. Since 1976 the Electrochemical Society has
sponsored five international symposia on molten salts; the current
symposium is the sixth symposium in this series. 1In 1983 the Molten
Salt Committee of the Electrochemical Society of Japan chaired by
Professor N. Watanabe sponsored the First International Symposium on
Molten Salt Chemistry and Technology; the current symposium is also
the second symposium in that series. This collaboration between the
two societies has resulted in one of the largest meetings ever
devoted to molten salts; 123 papers will be presented at this
Symposium of which over 807 are included in the proceedings volume.
The presence of many papers from countries other than the U.S. and
Japan is a good indicator of the increased interest throughout the
world in molten salt chemistry and its applications to areas such as
batteries and fuel cells, production of light metals,
electrodeposition of refractory metals, synthesis of new materials,
thermal energy storage as well as other uses.

I would like to express my appreciation to the Cochairmen of this
Symposium, Milton Blander, Hironao Kojima, Zensaku Kozuka, Marie-
Louise Saboungi, Nobuatsu Watanabe as well as to the other editors of
this volume who, in addition to Drs. Blander and Saboungi, include
Drs. Charles Hussey, Charmaine Mamantov and John Wilkes. The timely
work by this group of editors is making it possible to provide this
volume in time for the Symposium. The assistance of Dr. George
Shankle, Robert Walton, Connie Robledo and Penee Thomas is also
gratefully acknowledged.

Gleb Mamantov
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DECICATION
PROFESSOR +AKCN FLOOD

The Joint International Symposium on Molten Salts wishes to
dedicate this volume to one of the founding fathers f modern moiten
salt chemistry, professor Hakon Flood, Trondheim, Norway.

Hakon Flood was born September 25, 1905 and graduated from the
Norwegian Institute of Technology, Trondheim in 1930, majoring in
inorganic chemistry and electrochemistry.

Flood spent the year 1930-1931 in Berlin at the famous institute
of Professor Max Volmer. Returning home in 1932, he became a
research associate at his alma mater. In 1933 he was granted a feave
cf absence and returned to Volmer's institute to finish his Doctor 3
Thesis. The topic was: Trdpfchenbildung in Ubersattigten Ddmpo<en.
Pradikat: Mit Auszeichnung bestanden. H8kon Flood was appcintad
Docent (associate professor) in inorganic chemistry at The Norwsegian
Institute of Technology in 1935 and held this position until he was
appointed full professor in inorganic chemistry at the same
university in 1953.

Professor Flood's scientific production in the years following
the completion of his studies in Berlin is mainly in the field of
phase kinetics. However, in the late thirties he became interested
in certain aspects of analytical chemistry and in several papers he
made important contributions to the theory of potentiometric
titration. In this period Flood also took up the study of
vanadium-oxyhaltides, a study which was later expanded to a more
general study of oxide systems containing vanadium. This work
resuited in one of the first papers or semi-conducting
nonstoichiometric compounds. During the early forties most of
Professor Flood's scientific production was in the fieid cf
analytical chemistry. Amon3 his papers from this period are
picnearing contributions to paper chromatography.

Later in the farties Professor Flsod turned “cwarcd *he area of
research for which ne has become best known: Hign-temcerature and
molten salt chemistry. In this fieid ne has won widespread
international recognition, and he nas created what may ce called a
Norwegian school in the field of the cnemistry of moiten salts. The
first part of Professor Flood's high-temperature chemistry period is
mainly devoted to acid-base reactions in oxide systems. [In this
field he has made contributions to the elucidition and definition of
fundamental concepts, which have resulted in -ext books on inovganic
chemistry referring to "The Flood-Lux" concer - of acid base reactions
in oxide systems. In 1949 The Norwegian Institute of Silicate
Chemistry was established through funds granted from The Royai
Norwegian Council for Scientific and Industrial Research. In
recognition of his achievements in this field of research, Flocd was
appointed the director of this institute in addition to continuing in
his position in inorganic chemistry at The Technical University of
Norway. At this time Professor Flood's research facilizies were
greatly improved and his inspiring leadership attracrtsd a numper of
students and young scientists to work with him.




A majcr problem which engaged Flood's group in the following
years was the thermodynamics of molten salt mixtures. Some of the
early papers on activity-composition relations in molten salt
mixtures by Flood and his co-workers are now considered classic
contributions to the literature in this field, ang a large number cf
later publications by Flood and his co-workers have served to test
and further elucidate some of the theories formulated in the earlier
papers.

Professor Flood has also maintained an interest in pnase-
transition reactions and in the formation of defects in solids. A
considerable part of his research work in high temperature chemistry
has alsc heen directly related to industrial problems.

Professor Flood's success ‘n creating an internationally-known
Norwegian school of molter sa’¢ chemisiry testifies to his rare
combination of intellectual capacity with the inspiring personality
which ignites in his students and associates the enthusiasm and
scientific curiosity which are so typical of Flood. The stimulating
atmosphere in Flood's institute in Trondheim not only has provided an
exceilent starting point for many young Norwegians who are now
engaged in research and teaching in the field of high-temperature
chemistry, but has also provided for foreign visitors the kind of
surroundings in which they worked happily and productively and from
which they emerged with renewed scientific enthusiasm.

vi
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MAX BREDIG AWARD ACCEPTANCE SPEECH

CREATING A CRYSTAL BALL FOR MOLTEN SALT SOLUTIONS

Milton Blander
Argonne National Laboratory
Chemical Technology Division
Materials Science and Technology Program
Argonne, Illinois 60439-4837

The two parts of the title, *“Max Bredig Award” and ”Molten Salt Chem-
istry,” define the double honor I feel in accepting this award. First, I am honored
because it bears the name of Max Bredig. He was a warm and gentle person
who influenced me with his definitive scientific views, which emphasized accuracv
of measurements as well as caution and precision in the description of results.
When we were colleagues at the Oak Ridge National Laboratory (ORNL), about
thirty years ago, he encouraged me to examine the concepts of complex ions in
order to better define this loosely used term, which was too often a catchall
to “explain” the unexplainable. Second, I am honored because the core of my
scientific work has been molten salt chemistry and this award lends support to
my choice of methods and views, which have proven to be productive and useful
in technology.

Over the years, my work has focused on a number of different topics. It
would not be possible to discuss them all. Instead, |1 would like to emphasize two
general thoughts that I have often called upon to guide my thinking. The first
is that molten salts are relatively simple as a solvent and should be relatively
simple to model theoretically. I remember returning home from an interview for
a position to do research on molten salts with the reactor group led by Warren
Grimes at ORNL. On the flight, T asked myself why I had the feeling that
molten salts are difficult, “gunky” materials to study when many of them can
be represented by a simple collection of charged spheres. At that point, I decided
to accept the position. The second thought, which is implied by the title of my
talk, sounds obvious, but is one that is too little followed. It is. that concepts
and theories developed to describe molten salts (or any other materials for that
matter) should ultimately provide the means for making predictions far beyond
the scope of the information used to deduce them. Too many “theories” in the
early days of molten salt research could only describe past results, but not predict
anything to cume. A “crystal ball” was needed to predict future experiments
and properties of technological materials. It is not only the complexity or beauty




of concepts and theories which makes them important, it is the ability to use
them to make scientifically and technologically useful predictions a priori.

In my early work at ORNL I became intrigued by the properties of a par-
ticnlar class of ternary molten fluoride phase diagrams of interest for nuclear
reactors. These contained two alkali fluorides mixed with ZrF4, BeF;, UF, or
ThF,. Figure 1 exhibits the topology of one of these phase diagrams, that for
the LiF-RbF-BeF3! system. The liquidus isotherms (which are also isoactivity
curves) for LiF are strongly bowed in a manner which clearly indicates strong
positive deviations from ideal solution behavior, whereas the RbF liquidus in-
dicates somewhat negative deviations from ideal solution behavior. Thus, in a
single system, two different components exhibited opposite deviations from ideal
behavior. This property was contrary to common beliefs of solution chemists.
A cursory investigation uncovered many systems like this. The closeness of the
properties of the LiF-BeF; system to those of silicates led to the realization that
many important silicate and oxide systems, e.g., CaO-Fe0-Si0;, behaved in a
similar manner. In an extreme case, the positive deviations of FeOQ were so large
in the Ca0-FeO-P05 system that a miscibility gap was present. I was to return
to silicates twenty-five years later. The magnitude of the effect seemed to be
related to the differences in the stabilities of the compounds such as, RbyBeF4
and Li;BeF4. It became obvious that the controlling factor was the sign and
magnitude of the free energy change of the corresponding metathetical reaction,
AGY

LiF(6) + ; Rby BeFi(¢)=2RbF(8) + %LizBeF,,{() (1)

which is positive and large. The dissolution of LiF in Rb;BeFy4 can be defined in
terms of reaction (1) and the standard free energies of solution of RbF(¢) (AG})
and %LigB:fH(l)(AGL) in RhyBeFy. If AG’;} is positive and very large and the
values of AGE and AGY, for the corresponding binary systems are relatively
small (which is commonly true), then LiF will have large positive deviations
from ideal behavior. Correspondingly, RbF would exhibit negative deviations
from ideal behavior. This sort of analysis provided a rationalization of the odd
behavior of these systems.

Another observation was that these systems resembled reciprocal systems,
which have at least two cations and two anions. For example. we see in Figure
2 that some of the characteristics of the phase diagram for the Li*, K*/F °,
Cl~ reciprocal system? parallel those of the lower portion of the LiF-RbF-BeF;
system in Figure 1. In fact, the deviations from ideality are so large in the
Ag*, K7 /NO;, Cl" reciprocal system that there is a low solubility of AgCl in
KNOj3; and a liquid-liquid ternary miscibility gap. For this latter type of system 1
deduced a simple method for calculating the enthalpy and standard free energy




of solution by consideration of three steps.>* For solid AgCl in KNOj, these
steps are

49C1s) + KNO4(€) - KCI{€) + AgNO3(¢) (2)
Ky -KCl(s diln in KNO3) (3)
AgNO3(€) ~AgNO3(x diin in KNO3) (4]

Thus, the free energy and enthalpy would be

AG; + AGY + AGY - AGE, RTInKgp (5)
AH; + AHy + AH; - AH,y, (6)

where the asterisk (*) denotes a standard value. Equations (3), (4), and (5)
provide an exact method for calculating the solubility product. In general, the
largest contributions come from the metathetical reaction (Eq. (2)). Steps such
as Egs. (3) and (4) are gencrally relatively small for insoluble materials such as
AgCl.

In 1956 I discovered a key paper by Flood, Ferland, and Grjotheim (FFG),5
who had used a simple cycle to deduce an important equation for reciprocal
systems. For example, for the Li*, K*/F~, Cl~ system, the total excess free
energy of mixing (AGE) of the three components LiF, KF, and KCl is given by
five terms

AGE =X, XoiAG" + X1, Xk Xpdr + X Xk Xether
*XF)(CI‘YLI’\LI + XF‘YCI‘YK’\K (7)

where AG” is the standard free energy change for the metathetical reaction LiF
+ KCl 2 KF + LiCl, and A, is a “regular” solution interaction parameter for
the binary system ccntaining two salts with the common ion i. Equation (7),
although inexact, contained within it all the concepts implicit in the exact Egs.
(5) and (6). More important, it showed promise for calculating thermodynaniic
properties at all concentrations. When calculating the ratios of activities of
components, the authors were successful. However, Eq. (7) did not work for the
calculation of absolute values of activities of components. They considered the
use of quasichemical theory (QCT) to explain discrepancies between the phase
diagram for the Li*, K*/F~, Cl~ system and that predicted by Eq. (7). For
example, Eq. (7) leads to the prediction of a nonexistent miscibility gap and
to higher liquidus temperatures than those measured. Flood et al. calculated
the magnitude of the correction to the total excess free energy of mixing from
the QCT and found it to be small. As a consequence, they did not explore the
QCT further. After considerable study, we® realized that the phase relations




considered are not controlled by the magnitude of the total excess free energy,
but by the magnitude of the first derivatives related to the activity coefficients
of a component and to the second derivatives which define an inflection in the
free energy of mixing and miseibility gaps. A series expansion of the equations
deduced from the QCT led to a term which can be added to Eq. (7) in an ad
hoc manner

(AG)°

AGE  AGE(Eq. T XLNXkXrXe
{Eq. T) LXEXFX e, o

(8)
where Z is a nearest neighbor coordination nuinber. From the empirical combi-
nation of the QCT theory and the four binary terms containing A, in Eq. (7),
one can obtain a useful approximation? for the upper consolute temperature
(the temperature below which one has a miscibility gap)
AGT Age +Ag+ +Ac + Ap

5.51’(v R + oR (9)
From Eq. (7}, the coefficient of T¢ would be 4.0, and the apparent value of T,-
would be about 38% higher than that calculated from Eq. (9). Values of T
calculated from Eq. (9} are consistent with a large number of measurements of
miscibility gaps. Up to this point, the equations have been deduced in an ad
hoc way by combining the QCT (which does not take coulomb interactions into
account) with the four binary terms deduced by FFG. As will be discussed later,
these results are a natural consequence of the conformal ionic solution theory,
which was the first solution theory to specifically take coulomb interactions into
account,

In effect, the term expressed in Eq. (8) is a first correction term for non-
random mixing of the ions. In dilute solutions, it became obvious that the QCT
would provide a means for defining and understanding the thermodynamic prop-
erties of one type of “complex ion.” Because of the loose usage of this term, [
generally referred to these as associated species. A generalization of the QCT’
led to expressions for the formation of associated species of A* and C ions in
a solvent BD

A* +nC =4AC," Y (10)

where the At and C~ ions on the left-hand side denote 10ns having only solvent
ions as near neighbors. Formation constants for any value of n were deduced.
For example, for n = 1 and 2, the formation constants K, are

Ku - Z(fu 1) (1
Kz = Z‘(Zz_‘_.l‘)(ﬂllﬁlz 2011 1 1) (12)



In the above equations, 8, is exp (- AA;,/RT), where A A;, is a specific bond
free energy for the n’th C~ ion bonded to an A™ ion. These association constants
can he defined exactly by the limit of derivatives of activity coefficients at infinite
dilution. For example. for a solution of the salts AD {AgNO3;) and BC (KCl) in
the solvent BD (KNOjy)

. dlnvap ,
RAGHE ) R 3
\.hkm =0 ( 9Xc- ) Fu 1)

where X 4+ is the cation fraction of A’ and X¢- is the anion fraction of C~.
Equation (13) and analogous equations for other species involving higher deriva-
tives serve to define association or “complexing”constants and provided insights
into the meaning of this class of “complex ions.” For example, the -1 in paren-
theses in Eq. {11) leads to unusual properties for K,; when §; is not much
larger than unity. In addition, when A A4, is positive (denoting repulsion be-
tween A" and C ) and 8y, is less than unity, one obtains a negative value of
Kyi. This leads to problems in defining the standard free energy of association.
These peculiarities are due to the fact that, in an ideal solution, K;; is zero
even though AC species are formed by random encounters of A* and C~ ions
and that fewer than this number of AC pairs are formed when A A, is positive.
An analogous peculiarity is present for virial coefficients of gases (which can be
defined as the negative of an association constant) and, indeed, there is a posi-
tive second virial coefficient for helium because of the predominance of repulsive
forces.

At about the same time, an important experimental technique used to study
solubility products of silver halides was reported by Flengas and Rideal.? An
adaptation of their technique proved to be ideal for the study of associated
species in nitrate melts.® Studies of a large number of melts indicated that the
specific bond free energies, A A;n, were independent of temperature when the
associating ions were spherical. As a consequence, these formation constants at
all temperatures can be predicted from measurements at a single temperature.
This was true not only in molten salts, but also in metallurgical systems. An ex-
tension of the generalized QCT7 led to the coordinatisn cluster theory (CCT),!®
which applies to dilute solutions of a solute in ionic or metallic solvents. With
the CCT, it was demonstrated that one can use thermodynamic measurements
for solutions of oxygen and sulfur in alloys at one temperature to predict them
at all other temperatures.

Perhaps the most important development in molten salt solution chemistry
was the conformal ionic solution (CIS) theory!! by Reiss and coworkers. This
statistical-mechanical perturbation theory uses the most fundamental property
of a simple salt; that is, that it is composed of spherical ions which interact




with a spherically symimetric pair potential. In the original paper, only hard
sphere ions in a binary salt were considered in deducing an equation for the first
polynomial term for excess free energies of mixing of two saits AX and BX

) 2
AGE

I N 1, 1,
EOL(T X avXpx ‘ ) (14)

vdax  dpy

where TITV) and d, are constants and 4, is an interionic distance. It was
later shown that the theory was valid for a much more general potential '2.13
and that the next two higher order terms were proportional to a function of
interionic distances. The importance of the CIS theory stems from the fact that
it demonstrated that one could represent the excess solution properties of ionic
systems by a polynomial similar to that used for nonionic mixtures. The theory
provided fundamental support for many of the intuitive ideas which had been
developed for molten salt chemistry without specifically including the charge-
charge interactions between ions.

Despite its importance, the CIS theory for binary systems could never lead
to predictions a priori because no ionic pair potential is accurate enough to
reliably evaluate the coefficient I'(T,V). This failing concerned me for about
a vear hefore T realized that a way around this problem for multicomponent
systems is to express the thermodynamic properties of such solutions in term of
the properties of the lower order systems without identifying the pair potential.
In collaboration with S. J. Yosim, this was done for ternary reciprocal systems '
and it was shown that {for example, in the Li’. K* 'F . Cl° system) the CIS
theory led to all the terms in Eq. (7) as well as to a term proportional to
X1, Xk XpXei(AG)? similar to that in Eq. (8). The proportionality constant
is related to a large number of complex integrals, which have not yet been
evaluated. However, because of its similarity to the term deduced from the
QCT. we felt it safe to approximate this constant by the same proportionality
constant as that in Eq. (8). The equation was used to calculate the phase
diagram of the Li*, K'/F | Cl system (Figure 3),2 which reproduces the
features and complex topology of the measurements surprisingly well (Figure
2).

Little was done on this subject until my collaboration with M.-L. Saboungi
starting in 1971, which led to some of the most important papers on molten
salts in which I have been involved. Our work, which created a major part of
the “crystal ball,” was concerned with testing and generalizing the CIS theory
for various applications and for making predictions a priori. The use of the CIS
theory for reciprocal systems led to excellent correspondence with measured
phase diagrams for simnple systems,!*1%
were used to calculate phase diagrams for the more complex charge asymmetric

and empirical extensions of the theory
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systems.'¢ Of course, in addition to phase diagrams, the theory provides a pre-
diction of all the chemical properties of all the solution components. We also
extended the CIS theory for additive ternary systems (A1, B*, C' /X )7 to
obtain the equation

E ~\" - v .\ \" 2yv , \”\" -2y 2
aGn 2y XX, > Dby XTX, ) > ey XIX]
2< 3 (E3] 1<}
+AX 4 \pXe 4 X B,Xzz ’]‘\’k (15)
1£)ck
where it was shown that the ternary interaction termus are related to the terms
8,5, by, ¢,; by the expressions

1/3 1/3 1 3 1/3 1/3
A= (05 + 02) (0)f3 + oy2) (84S 1 0he) (16)
B, - (c,]c,k)l/2 (17)

Thus the properties of the ternary system could be predicted solely from data
on the subsidiary binaries. Equation (15) has been empirically extended and
used for asymmetrically charged multicomponent systems. Equations (15), (7).
and (8) and their empirical extensions have proven to be useful in a number
of technologies for making predictions of phase diagrams and of chemical equi-
libria in molten salts. In addition, even when enough accurate information is
not available for prediction, such equations, because of their thermodynamic
self-consistency, can aid experimentalists by greatly minimizing the number of
meastrements necessary to characterize the chemistry and phase relations of any
given system. An extension of the equations for ternary reciprocal systems to
higher order systems by Saboungi'® has proven to be important for predictions
in complex multicomponent systems.

One class of systems which has proven to be difficult to characterize are the
ordered solutions. Examples of such systems are the chloroaluminates. silicates,
and fluoroberyllates (e.g., NaCl-AICl;, Ca0-SiO3, and NaF-BeF;). These have
often been characterized by the formation of complex ions (e.g., AlCl,, SiO: \
and BeF%7) in basic melts and clusters and chains in acid melts. Our molecu-
lar dynamics calculations have been used to characterize some of the structural
properties of these ordered or complex ion forming melts.!%20 However, theo-
ries for such solutions are inadequate for characterizing their thermodynamic
properties, which cannot be represented at all by the use of polynomials for the
excess free energies. This difficulty arises from the tendency to have “V" shaped
enthalpies of mixing and “m” shaped entropies of mixing. In collahoration with
Pelton,21:22 an empirical extension of quasichemical theory has led to a unique,




but preliminary, method for accurately describing the thermodynamic properties
of a number of binary silicates as a function of concentration and temperature
using only a small number (3-7) of parameters. More important, we have de-
veloped an empirical combining rule that leads to predictions of the solution
properties of multicomponent systems from the subsidiary binaries. This rule
is (1) consistent with the predictions of the CIS theory in basic solutions and
(2) conststent with all available data. Thus, we have developed a method for
predicting the properties of such multicomponent solutions a priori from data on
lower order systems. Much more work on ordered soluticns is needed to reduce
the empiricism.

In conclusion, because of time and space limitations, I have glossed over
many details and ignored work which I feel is important. In particular, I have
not discussed my own applications of some of these concepts to submerged arc
flux welding?? and pyrometallurgical chemistry.?* These concepts have also been
helpful in understanding the high temperature condensation processes in coal
combustion,?® as well as in the formation of meteorites and all other condensed
matter in our solar system?®. These applications underscore my belief that more
“crystal balls” are needed to permit us to predict the properties of scientifically
and technologically important materials. The urge for precision and care which
Max Bredig displayed is a precursor to creating such “crystal balls.”
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Meastured Phage Diagram of the LiF-RbhF-BeF, Ternary System.!
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Fig. 2. Measured Phase Diagram of the Li,* K*/F,” Cl" Ternary Reciprocal
System.?

Fig. 3. Phase Diagram of the Li,* K*/F,” Cl- Ternary Reciprocal System
Calculated from the Conformal lonic Solution Theory.?
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A THERMODYNAMIC DATABASE FOR MULTICOMPONENT
MOLTEN SALT SOLUTIONS
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ABSTRACT

Thermodynamic properties and phase diagrams of over 200
binary and tefnary molten salt systems have been critically
and systematically evaluvated to obtain binary and ternary
coefficients ot polynomial expansions for the excess
thermodynamic properties. An equation is presented which
permits the thermodynamic properties of multicomponent
moitlen salt solutions 1o be caiculated from these binary and
ternary coefficients which are stored in a compuler
database. An interacltive free-energy minimization program,
which permits automatic access to these data as well as to
extensive stored data on other compounds and solutions,
allows the calculation of compliex multiphase equilibria
involving multicomponent molten salt solutions. The data
base is publicly accessible through the F*A*C*T computer
system.

INTRODUCT I ON

For a great many binary molten salt solutions, simple
polynomial expansions in the ionic fractions provide a good
representation of the excess Gibbs energy. Least -squares
techniques have been developed (1) which permit coefficients
ot such empirical expansions (o be determined by a
simul taneous optimization of all available thermodynamic and
phase diagram data.

Models have been deveioped to permit the properties of
ternary common-ion (2-4) and reciprocal (5. 6) moltien salt
solutions to be calcutated from the binary coetficients.
Empirical ternary coetticients may also be included in these
equations.

Saboungi (7) has extended the Conformal lonic Solution
(Ci8S) Theory to multicomponent molten salt solutions.

In the present article we give a general equation for
calculating the Gibbs energy of a multicomponent molten salt
solution from binary and ternary coetticients. This
equation essentially reduces 1o that of Saboungi (7) ftor
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reciprocal ternary sub-systems, whereas for common-ion
sub-systems it reduces to one of two “geometrical models”
(2, 3) comnonty used to represeni muiticomponent Gibbs
energies. With this method of calculation, any number of
empirical binary or ternary terms can be wused in the
expansions. The equation is well-suited to use with computer
databases. The calculation method has proven to be very
successful for a wide variety of simple molien salt
solutions.

Many binary and ternary molten saltl systems are being
systematically evaluated in order to build up a database of
binary and ternary coefticients. The data are accessible to
users of the F*A*C*T (Facility for the Analysis of Chemical
Thermodynamics) computer system (8) along with an extensive
dalabase of thermodynamic properties ot other compounds and
solutions. An interactive free-energy minimization program
with automatic data access permits the calculation of
complex mul tiphase equilibria involving multicomponent
molten salt solutions.

CALCULAT ION METHOD

A notation similar, but not identical 1to that of
Saboungi (7) will be used.

Cations are denoted by A, B, C, ... (or alternatively c,

c¢") and anions by X, Y, 2. ... (or alternatively a, a’

c .,
a"). lonic charges are denoted by ga., gg. ax. qy.

Cationic and anionic site fractions are denoted by X
and X;. For example:

XA = nA/(nA + ng 4+ e+ ) [1}
Xx = nx/(nx + Ny oy o+ .. {2}
where n; is the number of moles of ion i in solution.

Equivalent cationic and anionic fractions are denoted by
Yo and Y,;. For example:

YA = qAnA/(qA"A + agng + --- ) [3]
Yx = AxNx/(aAyny + ayny + .- ) (4]
13




Al thermodynamic properties in this article are
expressed per equivalent of solution. One equivalent of
solution contains

(2 qcxc)-‘ moles ot cations and (Y ana)‘1 moles of anions
c

The Gibbs energy per equivalent of solution may be
written as:

g = ¥ ¥ YY g +Ag(ideal) + 3 (5]
c a
where the summation is over all cation-anion pairs and g ¢/a
represents the standard Gibbs energy per equivalent of the
neutral salt consisting of cations, c. aed anions, a.
Ag( ideat) is the ideal mixing term, and g is the excess
Gibbs energy.

ldeal mixing term

The expression for the ideal Gibbs energy of mixing is
obtained from the Temkin model. The number of cation and
anion sites are always equal to the numbers of cations and
anions. Alfl cations and anions mix randomly on their
respective sites regardless of their charges. This gives,
for the ideal Gibbs energy of mixing per equivalent:

ag(ideal)/RT = (Eq_X_) 1(2X_InX ) + (£q,X,) 1(EX_InX_ ) [6]
c [ a a

Binary common-ion syslems

In a binary common-anion system A B/X containing one
anion and two cations, the excess Gibbs energy per
equivalent is expressed as a polynomial in the equivalent
cationic fractions:

gE = » % AB/X yi vi 17]
i1 i) A B

where the ¢AB/X are constant binary coetficients obtained by
titting experimental data. The corresponding expression for
a common-cation binary system A/X Y is:

gE - 3 » f(XY vi vi (8]
i1 o1 ij X Y
For example, in the system K Li/COz a leasl-squares

optimization ot available phase diagram and ithermodynamic
data (9) gives, for the liquid solution-
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9B = Y, ¥, ,[(-13780+8.197T)+(-5500-2.329T)Y, .] J/equiv. [9]

That is:
fL1/C03 - (. 13780+8.197T) and ¢f;-/c03 - (-5500-2.329T)

In this exampie, the data considered by the
least-squares optimization program were calorimetric data
for liquid-tiquid mixing (10) ., and the measured phase
diagram (11, 12) . Gibbs energies of fusion ot the
components were taken from (13). The resutltant optimized
equation [9] reproduces the measured phase diagram very well
as can be seen in the computer-generated diagram in Fig. 1.

The measured enthalpy of mixing (10) is also reproduced very
closely by eq [9].

The least -squares oplimization technique also gives
properties of solid compounds and solutions in the system.
In the present example, the Gibbs energy of formation ot the
compound KLiCO3 from inhe pure liquid carbonates was given
as:

AGform = -89654 + 78.136 T J/mol [10]

Yernary common-ion systems

For a large number of 1ternary common-ion molten salt
systems, we bhave bhad much success in expressing the excess
Gibbs energy per equivalent by the following expression
first proposed by Kohler (2). For a common-cation system
A/X.Y . 2Z:

E . 2 .E 2 E 2 E
9% = (Yy*Yy)® Gu xy * (Y Y2)% G vz + (Yt Y2)% 95 xz (111

where gE is the excess Gibbs energy in 1the 1lernary solution
at point p in Fig. 2a. and gk/xy. 9k,yz and gk,xz are the
excess Gibbs energies in the three bipary systems at points
z, x and y. The factors (Yz + Y53')° in eq [10] are obtained
from regular solution theory. Eg [10] is exacl if the
solution is strictly regular.

| f the binary excess Gibbs energies are expressed as
polynomials as in eqs [7, 8] then eq. [11] can be written as
follows. In eq [12] "ternary terms"” have also been added.

gf=x [ » 3 f?{aa'(va+va.)2(va/(va+va.))i(va./(va+va.))l]
aa’ i’1 j°1

+ ¥ ¥ % ¢4ZXYZ vi v] vk [12]
i1 jo1 ko I X A
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The ¢A/XYZ are lernary coelticients obtained by fitting

experimental ternary data. Al the ternary lermé become
2ero in the binary sub-systems. An expression for g of a
common-anion system A,B C/X can be written similarly.

As an example, the computer-generated liquidus surtface
of the K/F Br,| system is shown in Fig. 3 Binary terms
were tirst obtained by leas!-squares optimization ot atl
available binary thermodynamic and phase diagram data (14).
Application (15) of eq [12] with no ternary terms then gave

a calculated ternary liquidus sur face which agreed
everywhere within 10 with the reported (16) liquidus. This
is approximately equal to the experimental error limits.
The calculated minimum in the univariant |ine was 536 C. in
order to make this minimum coincident with the measured
minimum at 529 C, a small ternary term.

K/FBri - . i

¢111 YFYBrYI = 6500 YFYBrYI J/equiv.
was included

In addition to the Kohler equation, a number of other
equations may be used for ternary common_-ion salt solutions.
In the equation proposed by Toop (g). g~ ai point p in Fig.
2b is related to the values of g in the three binary
systems at the points 2z, y and x by the equation:

E _ E E 24E
9= = (Yy/ (YY) xy + (Y2/ (Yy*¥2)) 95 xz + (Yy *+ Y2099, vz
[13)
As in the case of the Kohler equation. eq {13} is exact if
the solution is strictly regular. If the binary excess

Gibbs energies are expressed as polynomials, then eq [13]
can be expanded in terms of the binary coefficients and
ternary terms can be added as was done in eq [12] for the
Kohler equation.

The asymmetric Toop equation (Fig. 2b) is generally more
appropriate than the symmetlric Kohler equation (Fig. 2a)
when one of the three components is chemically different
from the other two. For example. in the K/SO4q. F, Cl system
one might choose the divalent sulphate as the ‘“asymmetric
component " A1/q\X1/qX in Fig. 2b. However , because eqs [11]

and [13] become identical when the solutions are regular,
for a éarge number of molten salt systems in which the
binary g~ functions are well represented by 2- or 3-term
polynomiats the use of either eq {11} or [13] will give very
simitar results for the ternary system.
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Other “geometric_ equations”, such as the “Muggianu
equation” in_which g- in the ternary solution is related to
values of g in the three binaries at the ends of
perpendiculars dropped trom the ternary composition point,

are discussed by (17).

The CIS Thgory (4) also provides a similar equation for
calculating g in a ternary system from binary parameters
This theory has the advantage over the above-mentioned
"geometric equations” of having a sounder theoretical basis.

Again, tor most simple molten salt solutions which dg
not require more than 3 paramelers in the birary g
expansions, atll these ternary equations yield very similar

and equally good results.

Mul ticomponent common-ion systems

For a multicomponent common-cation system, A/X . Y.Z W.. . .
the Kcohier equation [12] may be extended:

g = = [z ? ﬁ?{aa'(va+va.)2(Ya/(va+va.))i(va./(va+va,))l]
a>a 1

+ T (T ¥ % ¢4/aa'a"(v AY_ LAY 3 Y Y +Y Y1)
a>a'>a” i>1 j>1 k1 ijk a 'a a a a 'a a
I k
(Ya./(Ya+Ya.+Ya")) (Ya"(Ya+Ya.+Ya")) ] [14}
where the first summation is over all binary sub-systems and
the second summation is over atll ternary sub-systems. Eq
[14] permits multicomponent thermodynamic properties to be
calculated from binary (and if available, ternary)
coefficients. An analogous expression can be written for

common-cation systems.

Similar multicomponent versions of the Toop and other

ternary equations can also be derived. In particular, we
have devised a consistent “"multicomponent Kohier /Toop”
equation for the case in which some of the ternary

sub-systems have been expressed by means of the Kohler




equation while others have been expressed via the Toop
equation. Essentially, the method consists in dividing all
components into two groups (for example, all divalent salts

in one group and atl monovalent salts in the other). A
ternary sub-system in which at! three components are members
ot the same group is 1treated by means of the Kohler

equation, while a ternary sub-sysiem wilh iwo components
from one group and one from the other is expressed via the
Toop equation. For the sake of Dbrevity, the general
expression will not be reproduced here.

Reciprocal ternary systems A B/X.Y

For common-ion systems, the terms containing g ¢/ in eq
[5] bhave no intluence upon the activities of the salts in
the solution This is no longer true in the case of a
reciprocal ternary system which is deftined as one containing
two cations and two anions.

Writing eg [5] tor the system A B/X,Y, substituting eq
[6] for Ag(ideal), and differentiating tc obtain the
activity ot the salt By/q Y1,q vields:
RTinag  y = Ya¥x (98/y*9%/x 9,y % /x) * (RT/a,)inXg
1/ag 1/ay

+ (RT/qy)InX, + gE

[15]
B1/qBY1/qY

The term é§ parentheses in eq [15] is the Gibbs energy
change Ag-". for the "exchange reaction”:

B X A Y = A B Y 16
1/ag 1ay A 17a,Y17a, T 170X 1701705 170, (el

(1 agEX - 0. then A1/q X1/q and Bi/q Yi/q are called the
X

"stable pair". From eq [15] it is seen that in this case
there will be a positive contribution to RTInaBl/q Yl/q

OB Y
which varies directly with AgEXA Hence., for the two salts
torming the stable pair, positive deviations will be
observed. Simitarly, for the other two salts which form the
unstable pair, negative deviations will be observed. These
deviations are gengrally ltarger than the deviations

resulting from the g term.

The composition of a reciprocal ternary system is most
conveniently represented on a square as in Fig. 4 The
excess Gibbs energy per equivalent may be written by summing
the excess Gibbs energies of the four binaries, each
weighted by the appropriate ionic fraction, and including
reciprocal ternary terms:
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gE =y, ¥ = #?B/X Yi vé +Y, ® % #AB/Y Y' vé
i1 gl i1

+ Y, X % ¢AZXY vivi+v, » éﬂ/XY viovj
i1 g1t Xy i1 o1t x ¥

+ 0y % ¢AB/XY viovl vk vl [17]
i1 Kr e

The CIS theory (5. 8) predicts lthB/§§pre35|on for gE
with one reciprocal ternary term ¢1111 which is usually
denoted by A. Since the formation of a reciprocal ternary
solution involves changes in the number of cation-anion
paits, whereas the formation of a common-ion ternary
solution involves only changes in the number of
second-nearest- neighbor cation-cation or anion-anion pairs,
it is expected that non-random mixing eftects will be
greater in the former, and consequentiy the importance of
ternary terms will be greater. The first term in a Taylor
expansion ot an expression resulting trom simple
quasichemical theory (18) gives the following approximate
expression for A resulting from non-random eftects:

A = -(AgEX)2/2ZRT (18]

where Z is a coordination number .

If no experimental reciprocal ternary data are
available, then A can be apprtoximated by eq [18]. If data
are available, then A and other reciprocal ternary terms if

warranted, can be considered as adjustable parameters.

As an example, the computer-generated liquidus surface
for the Na K/F Cl system is compared with the reported phase
diagram (19) in Fig. 4. Binary terms were tirst oblelned by

least-squares optimization of binary data was
obtained trom tabulalions (13) of data for the pure salts.
and A was estimated from eq ([18]. Agreement beiween the
calculated and repor ted diagrams is good. Positive
deviations along the "stable diagonal” between the stable
pair, NaF and KCI{, are clearly seen in Fig. 4, while
negative deviations for NaCi and KF are also evident.
Calculated reciprocal 'erEer phase diagrams are very

sensitive to the value of Ag




fn general , we have found that good calfcufations of
reglprocal ternary phase duagéims can be obtained as long as
is not too large. As Ag becomes larger, the tendency
lo non-randomness becomes Qgreater, and a simple Ag(idea!)
term with a polynomial correction term no longer provides a
sufficient description. We are currentiy working on a model
involving a more complete application of the quasichemical
theory to reciprocal é?l‘ solutions. As a rule of thumb. we
have found that if Ag is so targe that a miscibility gap
appears along the stable diagonal, then the simple model can
no longer be expected to provide a quantitatively correct
description.

General _multicomponent system

We can now combine the above equations into one general

equation for ithe Gibbs energy per equivalent of a
multicomponent molten salt solution involving binary teims
as well as common-ion and reciprocal ternary terms:
-1 -1
g =X cha gc/a+RT [(chxc) (Lxclnxc)+(anxa) (anlnxa)]
c a c c a a
cc’'/a l i 2-i-j
+XY [ ) Z L ¢ (Y _+Y )
. c c ¢
a c>c’ i
cc’'c’/a i j k 3-i-j-k
+ ¥ b)) ¥ {) Y Y .Y (Y _+Y . +Y _.) )]
P11k 4 ik cc ¢ c c c
c/aa’ i j 2-i-§
+ XY [ ¥ (X b2y #.. Y_ . (Y_+Y_.)
AR . ij a a a
c a»a’ i1 j.1
c/aa'a” i | k 3-i-j-k
+ ¥ b b)) éi'k YaY .Ya.(Ya+Ya.+Ya") )]
iv1 o1kt 3
cc'/aa’ i j k¢
+ X ¥ (¥ ¥ ¥ x¢i.k, Y Y, Y Y, [19]
c>c' a»a’ i 1] 1k:1 ¢ 1"}
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Eq [19] incorporates the Kohier equation [14] for the
mul ticomponent common - ion systems. The more general
expression incorporating the Kohler/Toop formalism mentioned
above is actually used in our database but, for the sake of
brevity, will not be reproduced here.

Expressions tor the partial Gibbs energies of al!

neutral salts have been derived from eq [19]. Again,
because of space restrictions, these will not be reproduced
here but wili be reported elsewhere.

DATABASE DEVELOPMENT

Least-squares optimizations have been systematically
performed for all common-ion binary systems involving the
alkali halides AX (A - Li. Na, K, Rb, Cs; X - F, Cl. Br, |)
(14) as well as for all binary common-ion systems involving
the cations (Li, Na, K) and the anions (F, Cl, NOg. OH., COg,
S04) (9) for a total of 124 binary systems. Exhaustive
literature surveys of al! thermodynamic and phase diagram
data were performed. The optimizations provided the binary
parameters of eqs [6, 7] for all binary liquid phases as
well as expressions for the thermodynamic properties of all

solid phases. This work was supported by the American
Ceramic Society. All evaluations are scheduled to appear in
"Phase Diagrams tor Ceramists”. Many other binary salt

systems have similarly been evaluated (20).

The 60 common-ion ternary systems involving the alkali
halides have been systematicaliy evaluated (15). For the
approximately 40 systems for which ternary liquidus surfaces
have been reported, eq [12] with no ternary terms reproduced

the liquidus surface within experimental error Jimits in
nearly every case. One small ternary term, Oq14. was
included in 8 systems for which the |liquidus measurements

were very accurate. The other common-ion and reciprocal
ternary systems involving the 124 binary systems mentioned
above are being systematically evaluated. Results are
invariably very good for the common-ion systems andEire also
very good for the reciprocal systems as long as Ag is not
so large as to provoke liquid immiscibility. Many other
ternary systems have also been evaluated (20).

All evaluated binary, ternary and reciprocal ternary
coefficients are being stored in a computer database which
forms part of the F*A*C*T (Facility for the Analysis of
Chemical Thermodynamics) on-1line computer system (8). The
data are accessible along with data on several thousand
inorganic compounds and other solutions. Thermodynamic
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properties of multicomponent salt solutions are calculated
from the binary and ternary coefticients via eq [19]

(extended to include the more general Kohler/Toop
formalism). An interactive free-energy minimization program
known as EQUILIB permits users of F*A*C*T to access all the

data automatically and to perform complex mul tiphase,
multicomponent equilibrium calculations for a wide variety
of constraints. The EQUILIB program is based upon the
SOLGASMIX program of G. Eriksson (21).

SAMPLE CALCULATION

A sample calculation using the program EQUILIB is shown
in Tables | and It Interactive input and output are shown
for a calculation involving a gas/moltlen salt equilibrium
simitar to that encountered in a carbonate fuel cell.

In Table |, the reactants ate entered as a gas phase
consisting of 9.8 mol CO, 7.5 mol COp, etc. along with a
small amount of LigCO3, KpCO3 and NapCO3 which will form the

molten salt phase. The reactants are to be equilibrated at
973 K at a pressure of 10 atm.

The "possible products” are then listed. These are
simply all compounds and solutions containing the input
elements for which there are data in the F*A*C*T database.
In Table | the list has been abbreviated, but we see that
there are data for 289 pure compounds as well as for the
mul ticomponent salt solution Li ,Na,K/OH ,S04,.C03. The user
has chosen to consider species 1 to 120 (all gaseous

species) the molten salt solution (srecies 290-298) as wel
as species 243, 268, 28t which are th. solid carbonates.

Data are then automatically retrieved from the
databases. The calcutated equilibrium compositions are
shown in the output of Table Il. There are 85.697 moies of

gas phase formed containing 41.727° Hp, 37 .732° Ho0, etc.
The amounts ot volatile Li- and K-containing gaseous species
such as KOH(H0), LiOH(H20), KOH and LiOH can be read from
this output. (There were actually 120 species in the
calculated gas phase. The outpul list in Table Il has been
shortened.) There are also 0.22375 moles of a molten salt
solution formed whose composition can be read from the
output listing. It can be see how much hydroxide and
sulfate enters the molien salt phase. Finally, we see that
zero moles of the solid carbonates precipitate.
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Fig. 3:
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TABLE 1
Input to the F*A*XCHT Program EQUILIB for an Equilibrium Gas-Salt
Calculation Involving a Multicomponent Molten Salt Solution.

!"1!1 ENTER REATTANTZ DRDIRRICF PRESY 'RETURN' FOR LAST EWTRY (2IFER:™

) P - Sy
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9.8 Cs0 + 7.5 C#02 + 59.4 H

85,697 sol

e e e e e e e

-+

+0.22373 »ol

ABLE 11

OUipt | kESULTING FROM OTHE INPUT EN TABLE 1

# 3,3 H20 + 0.3 KIS 4 0.1 LI2CE0D + 0.1 KCCH03 + 0.0 NA2C#0D -

0,41727

0,67281E-.1
0.49418E-01
0,34817€-00
0,19443€-04
0.1368F£-035
0,77637E-06
0,75659E-04
0,34233E-04
0,29490E-06
0.27313€-0¢
0,13951E-06
0.49322E-07

0,176728-43
0,10943E-43
0.41322E-44
( 973.0¢ 10,0

0.43900
0.43884
0,87832€-01

0. 15606E-01
0.15600E-01
0.3124E-02
0.95912E~07
0,35891E-07
0.111B4E-07

€ 973.0» 10.0

0.00000E+00 mol
( 973,05 10,0

0,00000£+00 acl
{ 973.0+ 10,0

0.00000E+00 w0l
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KOH 'H20)
L10R(K20)
Coke
K
CH20
C4Hs
C2H4
LiOH

03
C4

)
16}

L1203

K2003

Na2C03
Li0H

Na2504)
sSOLN 2)

K2C03
815 0,25389 )

Li2C03
+$3s 0,98781€-01)

Na2C02
1621 0,12001E-01)
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QUASLCHEMICAL MODEL FUR SILICATE MELTS

A.E. Grau* and S.N. Flengas
bepartment of Metallurgy and Materials Science,
University of Toronto, Toronto, Ontario, Canada

ABSTRACT

The concentration dependence of the partial molar properties
of binary silicate melts is predicted by means of a thormodynamic
model based on the change in short-range bonding energles which is
taking place when MO reacts with $10,, The model may be considered
as an extension of the treatment by Toop and Samis.

The expressions derived for the activities of the MO and
S10, components contain an equilibrium constant K as the only
adjustable parameter. The calculation of the enthalples and entro-
pies of mixing needs a second interaction parameter, b.

The model has been applied to available data on the systems
Pb0-Si0,, Fe0-S10,, Ca0~-Si0,, Mn0-S$10, and Sn0-510,, and was found to
predict the activity isotherms over the available composition range,
including the $10, rich melts for which other theoretical models are
insensitive. The derived expressions also predict the concentration
dependence of the partial molar enthalpy and entropy of mixing of PbO

in the Pb0~S10, system. The latter is the only system for which such
data have been accurately obtained.

INTRODUCTION

Considering pure molten silica, it is generally accepted that
each silicon 1s surrounded by 4 oxygen atoms, and that each oxygen 1is
shared between 2 silicon atoms, the basic structural unit being the
tetrahedrally coordinated $10,. These tetrahedra share corners with
each other and the structure of silica may be broadly described as a
three~dimensional complex network characterized by the strongly cova-
lent honding between the S1 and 0 atoms. The high viscosity and low
vapour pressure of liquid silica indicates a continuity in the S1-0
bondiny throughout its structure, thus implying the absence of
regions of lower covalency or of ionic behaviour.

When a metal oxide is added to molten silica, the resulting
reaction causes drastic changes in the properties as evidenced by
dramatic decreases 1n viscosity, the appearance of lonic conductance

* present address: Quebec Iron and Titanium, Sorel, P.Q., Canada.




and the decrease in surface tension. This reaction is generally
taken to involve a disruption in the continuity of the covalent boads
in silica due to interactions with oxygen supplied by the disso-
clating metal oxide, and may be wr'tten as,

| | [
0 0 0
| | |
~0-$1-0-51-0- + MO + -0-Si-0* ... M ... *0-S (1)
I i l
0 0 0
I l I

——O——»T—-C~—
o

Reaction (1) has been represented by Fincham and Richardson
(1) as a reactfon between the doubly bonded oxygen 0**, found within
1 1
the sequence -S1-0~Si-, with “ionic" oxygen u- supplied “v the
dissociating MO, which creates “"semi-ionic” singly bonded oxygen
atoms 0* found in the sequence $i-0* ... M. Reaction (1) has also
been written as (1,2)

Ok* + 027 s+ 2 0% 2)

Toop and Samis (2) introduced the concept that reaction (2)
represents an equilibrium between the various kinds of oxygen and
calculated the relative distribution of a number of complex poly-
silicate anion species by assigning arbitrary values to the corres~-
ponding equilibrium constant X. According to the authors such
species are created when the continuous silicate network is
fragmented by the addition of a metal oxide.

In several recent publications (3-13) the thermodynamic pro-
perties of binary silicate melts have been interpreted in terms of
polymer theory involving polysilicate anions.

Masson and co-workers (3~7) applied the concept of equilibrium
to the calculations of the concentration of lincar or branched polv-
R Z
. . L. 2(nt) ;
silicate anions of the general formula S1n03(+1 and calculated the
n
"free" oxygen ion concentration which remains after the proposed

poly-anions have reached equilibrium.

Activities of metal oxides in the silicate melts were obtained
through the expression

Mo = No2- 3

which was derived on the assumption that Temkin's (l4) ideal solution
model was applicable.
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In this paper it is shown that the concentration dependence of
the thermodynamic properties of binary silicate melts such as activi-
tivs, enthalples and entropies of mixing may be predicted from a
simple thermodynamic model which is based on the equilibrium between
the characteristic oxygen species proposed by Toop and Samis (2).

The agreement between activity fsotherms c¢:'culated from theory, with
the experimentally obtained values, for a number of metal oxide-
silica binary systems is excellent, even for silica rich compositions
where other thermodynamic models are {n poor agreement with the
experimental data,

THERMODYNAMIC TREATMENT

According to reaction (1), the addition of a metal oxide to
pure silica results in the disruption of the continuity of the
5i-0=-51 covalent type bonds which are responsible for the three
dimensional network structure of silica. Each 027 supplied by the
metal oxidc d'zrupts two Si-0 bonds in Si0, and causes the localiza-
tion of paired electrons w'th the resvlr that the two 51-0* bonds
produced upon reaction acquire a more “ionic” character.

One lmportant characteristic of reaction (1) {s that the
S1U, coordinacion which cxists in pure molten $10, is also preserved
in the MO-S10, melts.

Considering reaction (1), because of the characteristic tetra-
hedral coordination of silicon and the well established strength of
the covalent and semi-ionic bonds between silicon and oxygen, it will
be assumed that the interactions between any oxygen species and the
surrounding atoms are detcermined primarily by short range forces bet-
ween nearest neighbours. Bonding energies representing pairs of the
type 5i-0**, M-0, Siu* and M~0* which are present, respectively, in
the configurations 51-0-%1, M-0-M, and Si-0-M will be taken as
constant and as being concentration independent. Thus the changes in
bonding energy which take place during the mixing of MO with S§10,,
are localized to the type of atomic pairs which are directly affected
by the reaction, and should be independent of the detailed structure
of the possible polysilicate anions created during reaction.

The silicate melt reaches a state of minimum free energy by
equilibrating the characteristic oxygen species O%, O%* and 02 ,
shown in reaction (2).

For the evaluation of the activities the standard states are
established at unit oxyyen species fractions. Thus, for doubly
bonded oxygen O** | the standard state is the state of oxygen in pure
S10,, for which N ** = |, Similarly, the standard states for O* and
027 are, respectfvely, their states in the stoichiometric ortl-
silicate melt M;S10,, and in pure metal oxide MO.
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Under the previously stated assumptions the species activity
coefticients should be constant for all compositions, and activities
could be equated to oxygen species fractions, except for compositions
very near to pure melal oxide and to pure silica where deviations
from the assumptions underlying the model should be expected.

The equilibrium constant for reaction (2) may be written as

2
NU*
K = ————— (4)
NO** . NOZ
where, N 's are specie fractions and the equilibrium constant K
should bé constant and composition independent at constant
temperature.

The species fractions N N and N ,— may be calculated by
following the mass balance introducgd by Toog and Samis (2) and the
results are shown in Table 1.

The quantity o found in Table 1 is the "degree of reaction”
representing the fraction of MO reacted per mole of MO added to the
melt.,

By substiturion in equation (4) of the corresponding species
fractions Ni' the expression for the equilibrium constant is obtafned
as

2
f XMO

ST )

s10, - Ny

This equilibrium constant is the reciprocal of that used by
Toop and Samis (2) end characterizes a MO-Si0, binary system at a
given temperature.

From equation (5)

. . o (0 + X510, . (1 _ o *s10, (v - ))l/2 6)
Wy (K= &) KT+ X5 37

where 0 € a < 1.

Plots of a versus composition generated for sclected values of
K are shown in ng. l. Tt may be seen that very large K values
correspond to totally reacted silicate systems in which the maximum
amount of the orthosilicate specles SiO*, is present. K values bet-
ween 100 and 1 represent various cquilibrium conditions, while

smaller values of K indicate a tendency towards ilmmiscibility.




TABLE

Number of Various Oxygen Species Present
in 1 g mole of Melt at Equilibrium

Before mixing After mixing
O+ 2 X . - ]
2 X0, o N (2 Xg10, = %Nyo)
x _ .
] ZaXMO . N
2= oy .
[¢) XML) « N (1 u))\MO « N

(N is the Avogadro uumber)

Number cf characteristic bouds at equilibrium

Bond Type Before mixing After Mixing Bond Energy
$1-0 s10,N (4%510,72 XN €51-0
M-0 2X N z(1l - a)xMON ©4-0
S1-ox - 20N f510-0%
=0 - 2 oyoN -0

(N is the Avogadro number)

* and XMO are initial moles of 510, and MO per mole of solu-

XSiO
2 tion

The degree of reaction a may also be used to determine the
number of the different kinds of bonds present in a gsystem at
equilibrium. Thus, each doubly bonded oxygen 0** corresponds to two
$1-0 type bonds, and each “free" oxygen ion 02  determines the
existence of z M-0 type bouds. The coordination number z for oxygen
in the metal oxide is taken to remain unchanged in the molten solu-
tion. Finally, each singly bonded oxygen O* creates one M-0* and one
Si0* type bonds.

The numbers of the different kinds of bonds at equilibrium per

mole of silicate contalning XM moles of MO and X moles of
. 0 510,
810, are also shown in Table 1.
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Fig. 1. Plots of the degree of reaction a versus

compos{tion <XWO for selcted values of K.
i

CONCENTKATION DEPENDENCE UF THE SOLUTION PROPERTIES

For the calculation of the enthalpy change during mixing,
reaction (1) can be taken as the exchange reaction

Si1-0 + M- 0O + M-0* + 5i1-0% (7)
(as in pure (as in the
510, and Mo) reacted system)

The internal energy change during mixing AE , per gram-mole
mix
of solution may be written as

AE = E - X, EMo - 0.
mix Esolutton ~ %uof MO x5102E 510, (8)
s 0 . s
where Esolgti n? E MO® and h,iQe, are respectively, the internal
energy contents per mole, an s are mole fractions.

Lf it is considered that the mixing process affects only the
energy of the bonds shown in Table 1, then equation (8) may be writ-
ten as
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AE = N[(4X - 2aX e + z(1 - VX =
iix [t $10, Mo 8t-0 ¢ 0 50
s .
t ol B T 2% P iaon ]
= N[4) , + zX €
[“\(Sioz‘m—o g0 -0
which is readtily reduced to
[ = « A + - -
Aaix N Mo gr * 28g50x T 28540 T Py

(9)

(19)




Under the postulates of this model the term in parentheses s
constant for a given temperature and independent of concentration,
and may be replaced by an interaction parameter b which is charac~
teristic of the metal oxide added. b can also be Interpreted as the
heat of reaction when 1 g mole of MO reacts totallw with o1,
according to reaction (l). )

As pressure-volume effects on the energy of mixing of liquid
silicates are negligibly small, equation (9) becomes,

AHmix = baXMU ()

where AH, is the enthalpy change for the mixing process. Combination
of equatIons (6) and (11 ~ic¢lds,

KO+ X))
510
=2 —_— - }
LU b= o B) (12)
where
i /'u

s =11 Bo*s10, k-4 ¢ (13)

= - 2t

(1 + Xsmz) Ko,

Plots of aH /b versus composition generated tor a number of
selected K values Aré shown in Figure 2. It Is seen that the totally
reacted systems are represented by very large values of K and show a
characteristic orthosilicate peak at XMO = 0.667.

To calculate the partial molar heat of mixing for MO, the

right hand side of equation (l11) is multiplied by Ngig,» and
then partially differentiated. The resulting expression is, ?
By, = ana g * 0gi0,”) daied o (1)
’ MO : 2t o S10;
Introducing egquation (6), {t is readily shown that:
4
v I L S B (U S Xspo, 27 ) (15
MO 2(K - &) | KB (2 -Xx )2
! MO
Plots of AH\ for various selected values of K are included in Fig.

3. It 1s seén that for a totally reacted system, AH, becomes zero
at X 2 0.667, and for all concentrations where XMU'< Q.067, AHMO is
equal to h. )

For a reacting syvstem, the total entropy of mixing {s also due
to reaction (1) and may be calculated following the same treatment as
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Fig. 3. Plots of /b versus composition ( ) at
selected éﬁvglues. XMO

for the enthalpy of mixing, with the main difference that the inter-
action parameter b should now be replaced by an entropy parameter.
1f 6 is taken to represent the entropy change when one mole of MO
reacts totally with S10; following reaction (1), then

ASmix = aXMOG (16)

The partial molar entropy of mixing for MO can bec obtaiacd by
partial differeantiation as

R S (l I SR I ¥510,0% 7 o
MO 2(K - 4) | KB 2 - XMOV

(17)

The values calculated from equation (17) which is similar in
form to to expression (15), represent the change of entropy due to
reaction (1) when the number of reaction units is proportional to the
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degree of reaction a. The latter is defined by the value of the
equilibrium constant K for a given system at a given temperature,

The molar and partial molar entropies of mixing calculated by
this model account for the randomness in the system.

For example, the partial molar free energy of mixing for any
of the oxygen specie present 1s given as

4G, = RT ln N; (18)
and the corresponding partial molar entropies of mixing are given by
expressions of the type,

_ din Ni
48, = =R In N - RT —pm— 19)
The latter expression contains the configurational term for entropy,
in which N1 is a temperature and composition dependent quantity.

It should be emphasized that the term A4S, for an oxygen 3pe-~
cles does not represent the partial molar entropy of MO as this is
obtained by partial differentiation of the total entropy change of
the system.

The partial molar free energy of mixing AG x for MO can be
obtained by combining the partial molar enthalpieg and entropies of
mixing according to the Gibbs-Helmholtz relationship,

AGMO = AHMO - TASMO (20)

From equations (15) and (17) the following expresion is
obtained.

sk - 4) | ¥s10, 2 7 Xy5)

e K
86y, = (b-6T)[1—B+ <B —7-2—-—Y7——2_XM0 "R D)
(21

The term b - 4T represents the “"standard” free energy change
for reactions (2) and therefore it can be equated to - RT 1n K.

The expression for the activity of the metal oxide in the
solution, a o+ Yeterred to the pure liquid MO as the standard state,
i{s readily gerived from equation (21) as,

X 2 - 3 )
K L, Mk =8 Tsio MO 1
[l B s Q%7 itk @

Inay, = 7® -9

where the value of the term B is given in equation (13).
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From equation (22) it is readily seen that the concentration
dependence ot activities is predicted using K as the only adjustable

parameter. For large K values the term becomes zero for the com-
position range defined by 0 < X < U.67. For compositions more
basic than the ortho-silicate X ~ > 0.667, becomes unity. For

low values of K near unity the activities for dilute solutions of MO
show pronounced positive deviations from ideality.

In general, high K-values indicate a highly reacted system,
while low K-values indicate a tendency towards immiscibility.

With regard to the activities of M0, it is evident that, as
the temperature is increased. both the oxvgen nressure in equilibsium
with the molten silicate and the "oxygen anion activities” in the
melts should increase. Such an increase should be accompanied by a
decrease in the K values and should describe the weakening of the
bonds which are binding the oxygen species in the melts. This
decrease {n the K-values with increasing temperature is consistent
with the observed exothermic enthalpies of mixing and the negative b
values which are calculated for binary silicate systems.

Limiting values for the activities of MO should not be calcu-
lated from equation (22) because for very dilute solutions the
assuript {on that the equilibrium constant K is truly independent of
concentration should no longer be valid.

Thus, at compositions representing very dilute solutions of MO
in §i0,, all the oxygen anions supplied by MO should be trapped
within the S$i-0*-M type configurations and the "free" oxygen anion
population should be approaching zero.

COMPARISON WITH EXPERIMENTAL RESULTS

Figure 4c shows a comparison between experimental (15) acti-
vity data for PbO at 1000°C and the calculated values as predicted
from equation (22) with a value of K = 20. It may be seen that the
agreement 1s excellent within the entire concentration range for
which the system was investigated. The b value which is calculated
from equation (15) from a single experimentally measured value of the
partial molar heat of mixiag and the previously obtained value K =
20, is b = - 3,600 cal.mole !,

These two values for K and b may be used in equation 15 to
predict the partial mole heats of mixing over the entire con-
centration range. 1In Fig. 4a the points are experimental and the
solld line represents the calculated partial molar heats of mixing.
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Plot of a, versus )Lg for the PbO S10, system.
Solid line 1s calcula Eg from theory (Eqn. (22)).
Points represent experimental data.
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[t should be emphasiced that the Pbu-5i0, binary system is the
only system tor which complete thermodynamic data are available in
the literature. Partial molar enthalpies of wmixing measured both
calorimetrically (16) and electrochemically (15) are in good
agreement. Also recent dctivity data for PbO reported by various
authors (15,17,18) asre in good agreement.

Comparison between data from various sources is shown in Figs.
4a, 4b, and 4c.

Accordingly, the partial molar entropies of mixing for PbO
have been calculated with confidence and the results are included in
Fig. 4b. In Fig. 4b the points represent the experimentally obained
entropy values while the line is calculated from the thermodynamic
model.

Values of the parameter § are obtalaed by combining the K and
b values, according to

- RT In K = b -T¢§ (22)

For T = 1273°K, K = 20 and b = 3,600 cal/mole, § is found to be equal
to 3.1 e.u. The good agreement between the exﬁZrimental data tor the
partial molar eatropies of mixing of PbU and the curve predicted by
equatfon (22) s shown in Fip. 6b.

Activities of FeO referred to the pure liqulid FeQ as the stan-
dard state have been determined in the temperature range 1250-1400°C
by equilibrating CO-CO, {19) and Hy~H,0 (20) gas mixtures with melts
contained in iron crucibles. More recently, activities of FeO have
been measured in the range 1785-1960°C (21) by equilibrating molten
levitated beads of iron with liquid Fe0-5i10, slags and by analyzing
for the oxygen content in the iron.

Because of the non-stoichiometry of Fe0, the system is not a
true binary and may be considered as a ternary containing FeO,
510, aand small amounts of Fe,03. Several attempts (3,22) have been
made to correct the puhlished data for the effect of the non-
stoichiometry of FeQ but it is felt that such corrections could
introduce deviations larger than the inherent uncertainty in the
experimental data.

The activity plot of Fig. S5 indicates the good agreement bet-
ween the experimental activities at 1300°C and at 1785°C with those

predicted from equation (22) with K values of 8 and 5, respectively.

From the expression

d In K _ b 2
dT - k1? (23
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Fig. 5. Plots of a_ versus X for the Fe0-S8iv;
system at {785°C and 1558°C, respectively.
Points are experimental, solid lines are
calculated from equation (22).

and the available K values at two difterent temperatures, an approxi-
mate value of the parameter b for this system 1s given as ~6,270
cal/mole. The corresponding approximate value of &§ is 0.2 e.u.

The activities of CoU in Co0-510, melts have been measured at
1500°C by equilibrating melts held in Pt-Rh containers with known
oxygen potentials (23). The original data are given with respect to
the solid CoO as the standard state and have been recalculated with
reference to pure supercooled liquid Co0 (23). For this conversion
the entropy of fusion of Col has been taken (4) to be the same as
for FeQ, as 64.25 e.us The experiments could only cover the con-
centration raunge between 55 and 70 mole % CoO.

Figure 6 shows a comparison between the experimental activi-
ties at 1500°C (referred to liquid Co0) and those predicted by
equation (22) with K = 7. [Ia view of the apparent uncertainty of
these data, the agreement is acceptable.
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is calculated from equation (22) with K = 7,

Activities of the MnO at 1600°C referred to pure solid MnO as
the standiard stdate, have been determined by equilibrating various gas
mixtures of H,-CO,-N, with solid Mn and liquid slags containing MnO
and 5i0, (24). The accurate conversion of these data to activities
referring to pure supercooled Mn() at 1600°C is difficult because of
the lack of knowledye on the heat ot fusion of MnO and the uncer-~
tainty regarding the melting point of the oxide. However, it has
been assumed (4), that the entropy of fusion of MnO is the same as
for FeQ, e.g. 4.5 e.u., and that the melting point 1s 1875°C (25).
The activities with regard to molten MnO as the reference state have
been calculated trom the well-known expression.

a '
¢ HnU)Liq. A tusion
In = - - (24)
(a,, ). KT
HnO sol.
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Figure 7 shows 2 comparison between the converted experimental
activities and the values predicted by equation (22) with K = (9. [t
may be secen that the agreement is satisfactory in the concentration
range for which the experimental data are available.
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0] 0.20 0.40 0.60 0.80 1I.00

XMnO

Fig. 7. Plot of Ay versus X\n for the MnO-S10,; system
at 1650°C, Points are experimental. S$olid line

is calculated froum equation (22) with K = 19.

Activities of Cau have not been experimentally determined with
respect to the pure liquid oxide as the reference state. The only
data available representing the mixing of supercooled Ca0 are the
free energies of mixing at 1600°C estimated by Darken and Gurry (26)
from which activicies for both components may be obtained (21,23). A
comparison between these approximate activities of Ca0 and those
obtained from equation (22) with K = 200 is shown in Fig. 8.

The Ca0-510, binary is a highly reacted system in which the
almost complete formation of the orthosilicate configuration is
observed at 67 mole % CaO.
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The activities of $nO in the binary Snd-510, system have been
obtained (27) in this laboratory from emf measurements.

Figure Y shows a comparison between the experimental activi~
ties of $n0 at 1000°C, with respect to molten Sn0 as the state of
reference, and those calculated from equation (22) using a K-value
equal to 2.7.

Such a low K~value suggests that Sn0 1ls one of the most aclidic
oxides with respect to silica.
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REACTIVITY SCALE IN BINARY SILICATE MELTS

The energy released during the mixing of a metal oxide with
silica according to reaction (1) is represented by the interaction
parameter b. The magnitude of b depends upon the ability of the
metal oxide to release its oxygen, which reacts with silica in order
to form the S10-0*-M type configurations. The overall energy for a
configuration of the type Si-0*-M depends upon the competing interac-
tions of the oxygen with the surrounding Si and M atoms and {is
expected to decrease proportionally with the formation potential of
the metal-oxygen atom pair.

Metal oxides having strong metal to oxygen interactions are
less effective as oxygen donors than those in which the interactions
are weak. Since the strength of the metal to oxygen bond is expected
to be inversely proportional to the interatomic distance d, the
interaction parameter b should change in proportion to-1/d.
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If the entropy change associated with reaction (1) is taken to
be small, the “standard” free energy change, which is equal to -RT I1n
K, could be approximated by b. Then, the value of the quantity -RT
1n K should also be proportional to the reciprocal of the metal-
oxygen distance d in the pure solid metal oxide. This assumption
appears to be valid in the case of the Fe0-§i0, system for which the
available data indicate an entropy ' parameter of only 0.2 e.u. Low
values of § can also be expected for the remaining metal oxides
having the same N=Cl cubic structure.

The plot of -RT 1n K versus 1/d shown in Fig. 10 includes only
cubic metal oxides like Cau, FeU, MnO and CoO, and the relationship
appears to be linear.

A cubic oxide like Pb0, which has a layer structure, does not
behave in this manner and is expected to indicate different trends.

Approximate X values for the binary silicates containing cther
cubic oxides like NiO, MgO, SrO and BaO, for which experimental acti-
vities are not available, may be obtained by extrapolation in Fig.
10, Such K-values may be used in equaticn (22) to predict the acti-
vities of the metal oxides with respect to pure liquid oxides as the
reference states.

Thus, estimated activity isotherms for the systems Ba0-Si0,
and 5r0-$10; at 1900°C, are shown in Fig. 1l.

A summary of the experimentally available, as well as extrapo-
lated K-values for the various cubic systems, are given in Table 2.
TABLE 2

Scale of Basicity of Cubic Metal Oxides Towards Silica

Metal Inter-atomic Metal-oxygen -RT In K,
oxides Equil. constant distance attraction or b,
K d(a0) z2/d cal/mole
Bao 11,000 (1873K) 2,771 l.44 -34,500
Sro 1,300 (1873K) 2,560 1.54 =-26,600
Cao 200 (1873K) 2.406 1.66 -19,700
Ma0 19 (1923K) 2.218 1.80 -11,300
Feo 6.5 (1873K) 2.148 1.84 ~-6,700
Co0 7 (1773K) 2.127 1.87 -6,800
NiO 2 (2000K) 2.071 1.93 -2,600
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Table 2 also includes a list of 1nteratomic distances aand of
atom-pair potentials, expressed as zzld, where z 1s the valence of a
metal cation. The last column, which represents either b or - RT In
K, may be taken to represent a “basicity” or "reactivity” scale for
the various metal oxides listed. This scale is a measure of the abi-
lity of a given metal oxide to disrupt the silicate network.
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Fig. 1l. Actvity isotherms for the molten systems BaO-
Si0; and Sro-$i0; at 1900°C estimated from the
K-values shown in Fig. 10.

CONCLUSTUNS

The equilibrium constant concept for bhinary silirate melts
introduced by Toop and Samis (12) has been employed for the deriva-
tion of analytical expressions which describe the concentration
dependence of partial molar properties, such as, activities, the par-
tial molar enthalpies and entroples of mixing. The thermodynanic
model is capable of describing within the limits of experimental
uncertainty the concentratlon dependence of these properties.
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For the calculation of the activities 1t is only necessary to
use the equilibrium constant K as an adjustable parameter. However,
once K for a given binary system has been calculated from activity
data, the heats of mixing for the system may be calculated over its
entire concentration range using one additional adjustable parameter,
b, which has a unique value for each binary silicate system.

The partial molar entroples of mixing are then readily
calculated.

In comparison with available experimental data the present
thermodynamic model has been found capable of expressing, within the
linits of experimental error the concentration dependence of the
molar and partial molar properties in binary silicate melts over a
wide composition range, including the 510, rich regions for which
most polymeric type thermodynamic models are non-applicable. The
present model should be unrealistic for dilute solutions particularly
in systems which are characterized by low K-values. In composition
ranges near pure MO and ncar pure $10, the assumption that K is a
concentration independent quantity should not be expected to be
valid.

In recent papers by Dron (28-30), the concept of an
equilibrium between the various oxygen species proposed by Fincham
and Richardson (1) and by Toop and Samis (2), has been expanded to
account for possible differences in the thermodynamic states of
doubly bonded oxygen, in accordance with the number of the reacted
oxygen atoms carried by the adjacent silicon atoms. However, the
treatment of such multiple equilibria requires the use of several
equilibrium constants and general applicability becomes questionable.

In their modified quasichemical approach, pair-bonding
enthalpy and non-configurational entropy contributions assoclated
with reaction (1) have also been considered by Pelton and Blander
(3-32). It is shown that the thermodynamic properties of binary (31)
and higher order systems (32) may be expressed by semi-empirical
equations which are suitable for data treatment and computer
optimization.

The simple thermodynamic model developed i{n this paper shows
that the properties of silicate melts are determined primarily by the
interaction of oxygen ions with silica. These interactions involve
only nearest neighbours and the magnitude of the partial molar pro-
perties appear to depend on the degree of completion of reaction (2)
which represents the equilibrium between the various oxygen species.
Because of the predominance of such short range interactions, the
thermodynamic treatment does not require the exact knowledge of the
detailed structure of the poly-silicate complex configurations that
may form during reaction.
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ABSTRACT

Partial molar and integral molar properties of mixing for the
PbO-PbCl, melts have been investigated by using solid electrolyte
galvanic cells of the type:

Ni-N10/Ca0 - Zr0,/Pb0 - PbCl,/Pb

The thermodynamic properties, such as activities and the par-
tial molar enthalpies of mixing, calculated from the measured cell
potentials show pronounced negative deviations from fdeality.

To explain this behaviour and to predict the concentration
dependence of the therwmodynamic properties of these solutions, a
theoretical model based on a number of possible rezction mechanisms
has been developed.

It is shown that in a non-ideal solution, the activity of any
component A By is given as:
X

< y
= N+ . -
% . Oat N3 equtlibriom

where N + and N - are respectively the cation and anion fractionms in
a solution whicﬁ has reached the lonic composition representing a
specific reaction mechanism at equilibrium.

From the activity data, the limiting experimental conditions
for removing the oxygen impurity from PbCl, melts, and for recovery
of Pb and 0, by fused salt electrolysis have been established.
INTRODUCTLON

The PbO-PbCl, molten solutions represent the only metal oxide~
metal chloride system in which oxide solubility occurs over a wide

concentration and temperature range at relatively low temperatures.

* Cyanamide of Canada, Niagara Falls, Ontario, Canada.




Kecently the phase Jdiagran ot the system has been revised by
Renauld et al. (1) and significant ditferences from the earlier work
by Ruer (2) and Varuni (3) have been found. At a temperature of
700°C, the range of liquid solutions extends from pure PbCl, to about
B0 mole % PbO.

Activities of Pb0O in this system have been measured electro-
chemically by Sugawara et al. (4) at temperatures between 506 and
1063°C.

In the present investigation the reversible emf of the cell,

(+)Pb PbO_ - PbCl,, _,/2r0, - Ca0/NiO , Ni (-)
< 2y 2 s s

(1iq)
was measured for PbO compositions varying between pure PbO to 1 mole
% PbU, and in the temperature range 450 to 950°C.

From the results the thermodynamic properties of PbO and of
PbCl, in the PbO-PbCl, melts have been calculated. In addition to
its theoretical significance, the thermodynamic information may be
used to predict the limiting equilibrium conditions for the chlorina-
tion of Pby at high temperatures, for the preparation of pure
PbCl, through the clectrochemical removal of an oxygen impurity and
tor the recovery of metallic lead by tused salt electrolysis of the
PbO-PbCL, solutiuns in the temperature range 500 to nUU°C.

EXPERIMENTAL

The design of the cell for the emf measurements is given in
Fig. 1. The reference electrode consisted of a Cay stabilized zir-
conia tube containing 13 mole % Ca0, closed at one end, having a
total length of about 30 cm. To make this electrode, nickel wire 1
mm in diameter having a spiral end was inserted into the zirconia
tube and was covered with 2 to 3 cm of a compacted mixture of Ni and
Ni0 powders. The open end of this tube was closed with a glass bell
cemented into place and the entire system could be evacuated and
sealed under vacuum. During its operation the thermal decomposition
of NIO at the temperature ot the experiment established the oxygen
gas pressure and the emf measurements did not contain errors due to
mixed potentials which are created by non-equilibrium oxygen pressure
conditions (5).

The indicator electrode was molten lead in contact with the
b -PbCL, melt contained in a zirconia crucible. Electrical contact
to the lead was through iridium wire, about 1 mm in diameter and 10
cm lony, connected to a platinum wire lead.

The entire electrode assembly, including the crucible with the
salt mixture, was placed in a silica tube closed at one end. The top
of this tube was covered with a nickel ptate machined to contain




entry ports for the various cell components, as shown in Fig. l.
Vacuum tight secal was provided by De Khotinsky cement covering the
entire surface ot the top plate and all openings. To prevent the
escape of the volatile PhCl; from the zirconia crucible containing
the PhO-PbCL, wmelt, the top of the crucible was also closed with a
boron nitride lid machined to tit tightly. This lid had openings for
the insertion of the reference electrode and the other cell com-
ponents shown in Fig. l. A further precaution against possible vola-
tilization of PbCl, was provided by operating the indicator electrode
compartment under a static blanket of purified argon. A gas valve,
connected in parallel with the argon supply to the cell, maintained a
slightly positive gas pressure while {t prevented the flow of gas and
created semi-static conditions.

Matertals losses due to possible volatilization were deter-
mined by weighing the contents of the crucible before and after a
run, during dummy runs that duplicated the experimental conditions in
terms of melt composition, temperature and duration. No significant
loss of materials was observed. For example, for a total melt weight
of 50 grams containing 70 mole % PbCl,, at a temperature of 750°C,
over 4 period of 10 hours the weight loss was only 0.2 gram.
Accordingly, melt compositions did not have to be corrected for
losses due to volatilization.

The Pbo and PbCl, used ror these experiments were anhydrous
high purity reagents aad argon was Jdehydrated and oxygen puritied by
using the appropriate getters (Ti pellets at 1uou°C).

Potential measurements taken during a heating and cooling
cycle at each composition, were In agreement to within *2 milli-

volts. Maximum duration of a run was about 10 hours.

RESULTS AND DATA TREATMENT

Reversible potentials were measured as a function of tem-
perature and composition and the results are shown in Figs. 2 and 3.
The data have been calculated by least squares to correspond to
linear equations of the form:

E (in mv) = A - BT (1)
where A and B are constants for a given composition and T is given in
degrees Kelvin., The constants, and the calculated standard and maxi-

nunm deviations, are given in Table 1.

The activities ot PbO were calculated from the Nernst equation
given as:

K= oue, - E° - RT/ : ‘
[¢ Niv thu) R[/2F Lln b0 (2)
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TABLE 1

emf Measurements Representing the Overall Cell Reaction

NL gy + (PDO), PbO-PbCL, NLO(y * DBy
Note: Negative emf values imply a reversal in the electrode reaction.
E = A - BT
T Standard Maximum
beO Temp. Range A B deviation deviation
(°K) (mv) (mV) (mV)
0.01 778-914 -15.933 0.15322 * .90 t 1.5
0.05 778-873 -39.228 0.05184 t 1.16 £ 2.5
0.1 762-874 -32.380 0.02944 t1.34 2.9
0.2 775-874 -14.103 0.00106 t 0.92 t 1.6
0.3 474-926 19.579 0.01716 t 2.08 t 3.6
0.4 781-935 29.452 0.000066 + 0.30 t 0.5
.5 921-1010 78.821 0.01374 t .88 t 1A
0.6 956-1062 117.207 0.02322 t 0.51 t 1.3
0.7 967-1064 158.435 0.03938 t 0.34 t 1.2
0.8 1016~-1094 204,462 0.06705 £ 1.03 t 1.7
1.0 160-1371 222.98 0.05052 t 0.57 t 1.0
TABLE 2
Standard Electrode Potentials
Cell Potential
Electrode Temp. E® = A° - B°T Standard Maximum
Range A° B® Deviation Deviation
(°K) (mv) (mV) (mV)
N1(s) + 1/2 ()Z(g,lat) 911- 1,210.83 0.43993 *0.57 t 1.0
- w10 (5) 1376
T (s)
; - 17
Pb(l) + 1/2 Oz(g,lat) 1160 987.,5 0.38941 + 0.51 t 0.8
= b0
PO
> - y - -
lb([) + Clz(g lat) 773 1,742,5 0,602

Pbclp_(l)
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et

where a is the activity of PbO calculated with respect to pure
molten gg8 as the standard state. R and F have the values of 1.987
cal.mole ! and 23,066 cal.volt—l, respectively. E 1is given in volts
and E; 0 and E? are respectively the formation potentials of pure
solid klo and pure molten PbO at the same temperature as T. T is
given in degrees Kelvin,

The formation potentlals for pure solid NiO at various tem-
peratures have been established in previous investigations (5-11).
With regard to pure molten Pb0O the standard Gibbs free energies
reported by several investigators (12-14) and by Charette and Flengas
(5) are in substantial agreement to within 2 to 4 mV. Accordingly,
the standard formation potentials for NiO and for PbO used for the
calculation of the activities from equation (2) are those reported in
our previous work (5). The latter were obtained by emf measurements
in closed cells similar to those used in the present investigation.
The data for the standard potentials of NIQ and PhO are given in
Table 2.

The activities of PbO at the selected temperatures of 750°C
and 850°C are given in Table 3. The activities of PbLl, which are
also included in Tahle 3, have been calculated using the well known
Gibhs~Duhem relationship (15).

TABLE 3
750°¢ 850°C

Xpbo MHppo**

2pbo b1,  Ppbo 4ppcy,  Keal/mol
0.1 0.005  0.890 0.008 0.899 ~11.80
0.2 0.010  0.765 Uen2u 0.796 ~10.99
0.3 0.022  0.620 0.035 0.660 -9.40
0.4 0.045 0,440 0.065 0.475 -8.90
0.50  0.085  0.240 0.115 0.300 -6.60
0.60  0.160  0.110 0.200 0.150 ~4 .80
0.7 0.280  0.035 0.325 1.060 -2.90
0.8 0.450 0.010 0.480 0,018 ~-0.80
0.9 - - (0.760)%  (0.001)*

* Extrapolated
** The uncertainty in the values of the partial molar
heats of mixing {s about #*1.0 Kcal/mole.




The partial molar euthalpies of mixing for PbO, given in Table
3, have been calculated from the A-constants which are presented in
Table 1, using the readily derived expression:

AHPbO = 46,132 (A - 0.2233) (3)
These values are given in cals.mole—1 and may be converted to S.I.
units by multiplication with 4.184 Joules.

Activities of PbO in this system reported by Sugawara et al.
(4) are in disagreement with the present results, particularly at
high PbO contents. For solutions containing more than 80 mole % of
PbO, the reported activities are greater than unity, which i{s ther~
modynamically impossible for the chosen reference states which were
the same as in the present calculations. For compositions lower than
30 mole % PbO, there is better agrecment with the presunt results,
although the temperature dependences of the emf's differ.

Activity isotherms for the PbO and the PbCl, components are
shown in Fig. 4. Activities calculated by Sugawara et al. (4) are
also included for comparison.

DISCUSSION

The pronounced negative deviations from ideality shown by the
activity data in Table 3 and by the strongly exothermic partial molar
heats of mixing for PbO, are indicative of strong interactions bet-
ween the solute ions in the PbO-PbCl, melts.

The result of such interactions could be the formation of

complex oxychloride configurations of the general type,
- - +
(pb o c1y(?P "2 - ©)
pq r

similar to the incongruently melting compounds 3PbCl,.2Pb0,
PbCl,+Pb0, PbC1l,.2Pb0 and PbCl;,.4Pb0, which have been identified as
existing in a solid state within the phase diagran of the system
(1-3).

Considering a solution which initially contalns n; and
n, moles of PbO and PbCl,, respectively, it will be assumed that a
complex forming reaction is taking place until equilibrium is
reached.

If a is the fraction of the initial oxygen which has reacted
and has been incorporated in the complex oxychloride, then the
enthalpy change for the formation of the solution is given as:

MW= nja sHD (4)
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where AH° is the enthalpy change for the formation of one mole of
oxychloride species containing one gram-atom of oxygen, such as in
(2p - 29 - v)/q*

(Pbp/q-o-clr/q)

The “reaction” part of the enthalpy of mixing {s considered to
be a major contribution to the total energy released during mixing,
and any other secondary {nteractions between the solute atoms ia the
reacted system will not be taken into account.

The total entropy of mixing is considered to consist of two
ma jor contributions; the entropy for the foruwation of the amount of
oxychloride complex present at equilibrium and the configurational
contribution for the random mixing of the various species 1 pre.,gunt
at equilibrium.

The total entropy of uixing may bc written as:

AS = nja AS° - R & A
A o na Aﬁr R ; n) Ln Ni (5)

where n and N, are, reupectively, the number of woles and the ionic
fractions of species { present in the mixture at equilibrium.

Combination of equations (4) and (5) into the Gibbs-Helmholtz
relationship yields the the Gibbs free energy of mixing as:

- o - o
AGm nja (AHr TASr) + RT f n, In Ni (6)

wherte

AH® - TAS® = - RT 1ln K D)
r r

K is the equilibrium constant for a given oxychloride formation reac-~
tion, which is speclific to each systea.

The expression for the activities of Pb0O is obtained by par-
tlal differentiation of equation (7) with respect to n, at constant
n; and under the restriction that:

LNy = 1, at equilibrium (8)

The final equation takes the form:

dn,
= 3 S g - da ,
1n anO % 1 ‘\i N dn; ny lni ( dnl )nz ta In K (9)
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1t is readily seen that the expression for the activity of PbO
contains the equilibriua constant K as the only adjustable parameter

The solution of equation (9) is readily found by considering
the wass balances rtepresenting various reaction mechanisms.
Trrespective of the scheme chosen, the expression for the activity is
found to have the following form:

(N « N,2) (10)

c + ~
1PbO Pb? 02 ’at equil.
In equation (10), yp 2t and NOZ- are respectively the ionic
fractions for Pb?" and 02 ?n a molten mixture of PbO and PbCl, which
has reacted Internally in accordance with a specific reaction mecha-

nism and has reached a state of equilibrium.

From similar conslderations 1t may be shown that the activity
of PbCl, Is given by the cxpression:

+ N2~ L)

= (N
(Npp2 cl ’at equil.

3p

PbCl,

For the PbO-PbCl, solutions several reaction mechanisas have
been cgnsidered, such as the formation of the complex oxychlorides,

Pb,0Cl", Pby0Z", PbC1,02 , as well as the compositions representing
the various Incongruently melting compounds uwentioned earlier.

From all thesc possible schemes the experimental data appear
to be best represented by the reaction:

- - +
2eb2" + 077 + ¢l = pbocl (12)

The mass balance representing equation (12) is given in Table
4. The ecquilibrium constant is written as:

Npby oct”
K = W‘:—:—ﬁ';:‘:}q—‘: (13)
Pb2 0? c1
tor which the expressions for the lonic fractions are given in Table
4.

Degrees of reaction a have been estimated for various selected
K values from equation (13), and are given in Table 5.

From the equilibrium {on-fractions given in Table 4, the acti-
vities for PbO and PbCl, are readily calculated as:

1 - 2ax, A - a)
o L-ax RS TS S5 4
Ppy T TIaX, T+ X; = 2aX; (14)

and




TABLE 4

lonic Composition of the PbO-PbCl, Molten Solutions
Representing the Reaction

2pb2" + 027 + 217 = pboclt + c1”

Melt composition when reaction has

UNREACTED MELT reached equilibrium

Compo- No of Mole Mole uumbers
sition moles fractions at equilibrium Ton fractions
PbO ny X, Npp2t = pr2+ =
n; + np - 2an; 1-2%1
1 - ax,
- \ . aX
PeCly g X2 "pbyoctt T A1 pb y0c1 I - ax,
np2- = Ml - a) N =
X (1 - a)
I + X, - 2aX,
L 2n, - an, NCI_ =
2%, = aX)
1+X2" 23)(1
a _ 1 - 2ax, , 2Xo = aXy 2 (15)
PbCl, I - a¥X, 1 + X - 23X,

where X; and X, in these expressions are respectively the primary
mole fractions of PbO and PbCl,; in the “unreacted” mixture.

The activity isotherms shown in Fig. 4 were calculated from
equations (14) and (15) (solid lines), while the points are experi-
mental. The 1023 isotherm was calculated from the a-values
corresponding to K = 15, The isotherm at 1123K was calculated from
the a-values based on K = ]0.

It should be noticed that at constant compesition the activity

of anO increases as X decreases.
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TABLE 5

NDependence of Degree of Reaction a on the Equilibrium Constant, K,
at Various Compositions, for the Reaction

pb2* + 027 + c1” » pooct’

|

K 1 10 15 100 1,000 10,000 o
XPbO a a a a a a a
0.0 1 1 1 1 1 1 1
0.1 0.32183 0.8129¢ 0.86579 0.97676 0.99762 0.99976 1
a.2 0.30941 0.78486 0.84143 0.97038 0.99691 0.99969 1
0.3 0.29576 0.74659 0.80520 0.95713 0.99525 0.99952 1
0.4 0.28035 0.69702 0.75367 0.92370 0.98886 0.99881 1
0.5 0.26216 0.63809 0.68849 0.84653 0.93307 0.96991 1
0.6 0.23926 0.57257 0.61545 0.74321 0.80369 0.82380 0.83333
0.7 0.20976 0.49620 0.53292 0.64094 0.69062 0.70674 0.7142857
0.8 0.16765 0.37906 0.40544 0.47618 0.49709 0.49970 0.50000
0.9 0.09229 0.19302 0.20171 0.21883 0.22188 0.22219 0.22222
1.0 0 0 2 0 0 0 0

The integral enthalpy of mixing for the system were calculated
from the expression:

ML= Xy Ml o+ X M (16)

PbCl,

For the calculation the partial molar enthalpies of mixing for
PbCl, were obtalned frum the partial molar enthalpies of mixing of
PbO using the Gibbs~Dubem relationship.

The results of these calculations are given in Fig. 5. On
this graph polats are cxperimental, while the dotted line has been

derived from equation (4) written in the form:

! - . o
Aim aX, Aﬂr (17)

which represents the enthalpy of mixing per mole of solution.
For the calculation the degrees of reaction, based on reaction

(12) for K = 10, have been used. The value for the M° term which
must be common for all compositions is -13,500 cals.mole t,
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Entropies of wixing, calvulated frow the enthalpies of aixing
rd rhe coarrespanding Gibbs trec ererpies, are plotted in Fip. b as
a4 tunction of composition. Here the solid line | represents thne
cxperjaeatal values for the total lategral entropy of aixing, while
the points are calealated frow equation (5), as applied tn reaction

(12), for K = 10, ¥or this ralculati{on the a-valucs that correspond
to K = 10 and a common value of A8 = -7.3 e.u. were found to satisfy

. . R S
U entire composition ranpe. CGurve 2 in Filg. 6 represents only the
cooligurational component of the total fntecrsl entrapy of wixing.

Consfdering the moeectaluty which {s alwars present when
calealating entropics, the ggreement between the eperiment .l and the
theoretical entropies of afxing and, particularly, the correct pre-
dletion of thelr concentration dejenden fedicates the validity of
the preant thersodynacic aodel.

‘ﬁI.Hl"FKHi_V'X".rIC BEHAVINUR OF TH

Pho-ibol - MELTS

Frow cquation (2) and its equivalent tor PbCl,, it is possible
teocalonlate the reversible potentials for the eloctrochemizal
paration or Phoand G e of Bhoand s, frow a aolten solution of
P ad Pal

Forothe reactions:

HN + (1 = (P
’1\%- T, boars ! 1')1n solutton (1)
Y + 12 ( y
Tig. 1'2)7!1” 1 at) ‘Pbl')in snlution (i)

the revevsible electeode poteatials at 830°K and at 1023°K, respoec-
tively caleulated using the proviously derived activity values,

and the standard potentials given in Table 2,

The resalts of these calculattons are plotrea 7 Fig. 7.
decagse of the wide porential separation, the electralvsts of
PHYE-PRCL: are alaost independent of @elt composition and ean-
segrently, lead chioride melts s he Je-o rnated by pre-

electrolesia,
Fused sab s olecrroleats 0 PN divsolved {noa P01 salvent s
expecied ta prodinee RETRITE s oaad e producte sead and oxygen,

respoctively,
[N SN P
sritea sulutivns

v indicate
colution, To

Ihe thoronde

show pre onneed ot pve

strong Inter gotions Bwes e
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explain this behaviour and to predict the concentration dependence of
the activities of Pb0 and of PbCl, of the enthalples and of the
entropies of mixing, a thermodynamic model based on the presence of
strong complex oxychloride specles has been developed. In this model
the concentration dependence of the activities at each temperature
requires the equtlibrium constant K as the only adjustable parameter.
The concentration dependence of the enthalpy of mixing is predicted
from equation (17) in which the only other adjustable parameter is
the term aH°, which, lowever, is constant over the cutire composition
range. The calculation of the eatropies of mixing does not require
any other adjustable parameters. K and 4S° are related by equation
(7) and As; cannot be adjusted tndependentfy.

1t is shown that in non-ideal solutions the activity of any
component AXBy is expressed hy the simple relationship:

W= )
B equilibrium

In this expression N + and N,- are the respective cation and anion
fractions {n a solut%nn whiuR has the ionic composition corresponding
to a specific reaction mechanisu at equilibrium.

Thus Temkin's rule (16) is of general validity to ideal and
non-ideal solurions, providing that the correct reaction mechanisa

and dissociation schemes are formulated.

In this treatment non-ideality is attributed to changes in the
composition of a solution as the result of complex foruing reactions.
The theory does not account for secondary interactions between the
reaction preducts. FEquilibrium ton fractions of the assumed ionic
forms are used throughout, the basic assumpiion being that the reac-
tivi., of the simple ionic species like Pb27, 02 or €l  has been
satlisfied through the formation of the complex and that all other
i{nteractinns are not too significant.

linder such circumstances, the equilibrium constant K is
expected to be composition independent and to depend only on tem-
perature over the composition range within which the above assunp-
tions are valid.
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CONDENSED AND GASEOUS PRODUCTS CHEMISTRY IN THE

COMBUSTION AND GASIFICATION OF HIGH-SULFUR COAL

3. Sinha, K. Natesan, and M. Blander

Argonne National Laboratory
9700 Souil Cass Avenue
Argonne, IL 60439

ABSTRACT

A recently developed comnputer program. based on geometric pro-
grammning, is used to calculate condensed and gascous products chem-
istry in the combustion or conversion of high-sulfur Illinois #6 coal.
Under 30'7 air-excess and 30% air-deficient conditions. product chem-
istries were calculated as a function of temperature. For the tempera-
ture ranges of 1800-1100 K, condensed phases are saturated with solid
silica. and the major “Na" and “Cl” bearing gaseous species are NaCl
and HCL. The concentration of sulfates (under oxidizing conditions) or
sulfides (under reducing conditions) in the silica-saturated molten sil-
icate solutions increases progressively with a decrcase in temperature.
The liquid condensates appear to be more complex than believed, and
“hot corrosion” by silicates could be important.

INTRODUCTION

Combustion and gasification of coal is of considerable iiuportance in industriai
power generation. The presence of elements, such as, for example, S. Na. and €l
in relatively small amounts in coal, often leads to the forination of thin lavers
of molten condensates, and results in accelerated deterioration of downstremm
components in these industrial processes.

ome experimental studies of the chemistry of these industrial processes are
available. Unfortunately, the global chemistry of all the gascous and condensed
products are not available because of the difficulties inherent in performing calcu-
lations in very complex systems. Comprehensive understanding of all the chem-
istry is essential in order to explain and predict the corrosive behavior of the
combustion and gasification products. The present work describes the methads
we are developing to calculate the total chemistry of coal combustion and gasifi-
cation systems.
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Typically, in such systems, one must consider a large number of elements, 13-
15, which form as many as 300-500 species distributed between several condensed
phases and a gaseous phase. Furthermore, nonequilibrium conditions are possible
due to kinetic factors. Treatment of such a complex system poses -nany difficulties
for researchers of this area.

In the present work, we shall discuss the use of a recently developed com-
puter program, based on geometric programining, to calculate the chemistry of
this system. This program is capable of handling up to 300 species, including 150
condensed phases and several solution phases. As a first approxirnation in this
initial paper. the solution phase will be assumed to be ideal and. fortuitously. the
condensed phase constituents can be chosen in a manner which makes this a rea-
sonable approximation. We shall calculate the composition of all the equilibrium
products as a function of temperature for the temperature range of 1800-1100 K
(1527-827°C). In addition, we shall incorporate an expected nonequilibriuns con-
dition to illustrate the feasibility of using such options in our methods. Results
are presented as a function of decreasing temperature to simulate the condition
in which the hot combustion or gasification products are cooling as they pass
through downstream components away froin the hot zone.

JALCULATIONAL PLAN

The computer program is based on an unique algorithin which utilizes geo-
metric programming (1). The program is linked to a critically analyzed data base
consisting of the thermodynamic properties of about 1800 species (2}. We shall
not describe the details here because of space limitations, but the program is
capable of handling large chemical systems.

To illustrate our method, high-sulfur Illinois #6 coal was chosen for the
present work. Table 1 gives the composition of this coal which has 3.41 wt®( §. The
theoretical oxygen requirement for combustion is the amount of oxygen required
to convert the carbon, sulfur, and hydrogen to carbon-dioxide, sulfur-dioxide. and
water, respectively, minus the free oxygen present in coal. In our calculations.
30% excess and 30% deficient Oy as dry air is supplied to deduce the chemistries
for oxidizing and reducing conditions, respectively. Table  shows the selected
species in the solution phases under oxidizing and reducing conditions. These
solution phases are chosen by performing several trial calcu ations, with several
possible combinations of components of solution phases, based on a knowledge
of solution chemistry and the tendency of components to form. Ideal solutious
are assumed for the present illustrative calculations. Solution components were
chosen in a manner which best illustrates the chemical properties and simultane-
ously formed solutions that do not deviate greatly from ideality. This procedure
was a reasonably good approximation for most of the temperatures for which we
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performed calculations. Nonideality of the solutions will be considered in future
work.

RESULTS AND DISCUSSIONS

Oxidizing Conditions: Figures 1 and 2 and Table 3 show the results for
oxidizing conditions. Of the 120 gaseous species in the results of these calcula-
tions, only the most important species are shown in Figure 1. Under equilibriuin
conditions, very sharp changes in the partial pressures of several species occur
around 1390 K in Figure 1 (continuous lines ). This is the temperature where the
glassy Al203-Nay0-6S10,(s) forms by reaction of solids with the solution phase.
Figure 2 shows that the solution phase disappears at this temperature (at abour
1390 K) and Na;SO4(s) or an Na;S0, rich liquid solution does not form under
equilibrium conditions to temperatures as low as 1100 K (Table 3). However, in
reai systems the formation of glassy Al03-Na;0-6Si0,(s) from two or more con-
densed 1 hases is probably very slow because the two phases have to be in contact
to react. Hence calculations were repeated for the non-equilibrium case where
the glassy Al 03-Na,0-65103(s) does not form. Such a case simulates one kinetic
constraint in a realistic practical environment. Figure 2 shows that, under this
constraint. the corrosive solution phase extends to temperatures as low as 1160 K.

The major gascous carriers of sodinm and chiorine are NaCl and HC1 nnder
all conditions (Figure 1). Under nonequilibrium conditions, the concentration of
NaCl(g) below 1390 K is higher than those under equilibrium conditions. The
relative concentrations of Na;0.28i0;3(l} and NaySO4(l) in the solution phase
(Figure 2) vary drastically as the temperature of the solution phase changes from
1800 K to 1100 K. The solution is high in NazO-25i03(1) and 'FeO-5i0j(1) above
1600 K: at 1250 K the solution phase is largely Na;SO4(1). Within the temperature
range of 1600 K to 1160 K {under nonequilibrium conditions), the concentration
of NazSO4(l) increases from a mole fraction of less than 0.01 to almost 1, with a
corresponding decrease of Na;0.28i0;(1) to less than 0.01. The concentration of
NaCl(l) stays around 0.001 below 135G K. It may be noted that the condensed
phases are saturated with SiO4(s) at all temperatures. Because of the assumption
of ideal solution of species in the solution phase, the exact values of concentrations
in the real nonideal solution phase is likely to be somewhat different. The con-
centrations are least accurate from about 1350-1500 K because of the deviations
from ideality expected. However, the general nature of results at the temperatures
where Nay0-2510;(1) or Na2S04(]) is in dilute solution will be very similar in both
ideal and nonideal solution phases. Conscquently, the general pattern of varia-
tions in the concentrations of silicates and sulfates as a function of temperature
will be similar to Figure 2 in practical cases.
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These results present an approximate, but general, belhiavior of solution phases
under oxidizing conditions; the solution phase becomes progressively more con-
centrated in NapSO4(l) as the temperature of the gascous and condensed phase
decreases from 1800 K (1323°C) to around 1200 K (923°C). The compositional
changes reflect differences in the corrosive behavior. The silicate liquid may be
even more corrosive than sulfates because of the high temperatures and because
the solubility of protective oxide coatings of metals of construction in combustion
systems is likely to be higher in silicates than in sulfates. Our results make it
clear that for coal combustion, the corrosive liquids are not just simple sulfates,
but are much more complex liquids than have been considered heretofore.

Reducing Conditions: Results of calculations under reducing conditions
are presented in Figure 3 and Table 4. Again, only the most iimportant gascons
species are shown in Figure 3. Calculations are repeated for nonequilibrivim condi-
tions where the glassy Al,03-Na;0-6S10,(s) is not allowed to form below 1390 K.

The condensed phases are saturated with SiOy(s) at all temperatures (Ta-
ble 4). The partial pressure of NaCl(g) in the gaseous phases at 1100 K {923 ()
i1s almost one order of magnitude higher under reducing conditions (Figure 3}
than for oxidizing conditions (Figure 1). At high temperatures the solutior phase
is largely 'FeQ-8i0}(1) and Na;0-258i04(l) and is largely FeS{l) at low tempera-
tures. Considerable amounts of § as FeS(1) or NayS(l} are present in the liguid
phase at all temperatures. The concentration of S bearing species under reduc-
ing conditions in the solution phase is much higher (0.1 at 1800 K) than the §
bearing species NaySO4(1) (less than 0.001 at 1800 K) under oxidizing conditions.
At 1300 K, the concentration of S as FeS(l} in the solution phase is 0.33 under
nonequilibrium conditions. For 1800-1400 K. the concentration of “Fe” in the
solution phase increases with a decrease in temperatures. The solution phas» is
present below 1100 K (923~ C} under nonequilibrium conditions, and even under
equilibrium conditions. the solution phase exists down to temperatures as low as
1260 K (987°C).

SUMMARY AND CONCLUSIONS

Corrosive molten condensates from the combustion of coal under oxidizing
conditions are much more complex than has been considered previously. Mixtures
of silicates and sulfates are probable; these could be more corrosive than sulfates.
Under reducing conditions, molten sulfides appear to be present down te very
low temperatures. Such chemistries would have to he dealt with in coal conver-
sion processes. Thus, our preliminary calculations provide us with the ability to
calculate the global chemistry in the oxidation of coal. Further work, which ac-
curately represents the complex nonideal solutions, which includes <ilicates, and




which incorporates kinetic effects on the chemistry will greatly en.ance our abil-

ity to analyze the global chemistry in coal combustion and conversion and aid in
developing methods for minimizing corrosion.
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Table

1. The Composition of High Sulfur lllinois #6 Coal

Used For the Present Work

N

Cl

H,0

Ash

Wt %

60.15

4.25

0.97

3.41

0.05

10.54

7.33

13.30

Ash
Si0, 45.57
Fe 03 15.80
Al O3 17.99
CaO 6.88
MgO 1.09
SO3 4.22
Na,O 4.84

Table 2.

The Solution Phases for the Oxidizing and Reducing Conditions

Solution Phase for
Oxiding Conditions

Solution Phase for
Reducing Conditions

1.

Na,0-28i04(1)
Na,504(1)
NaCl(l)
NayS(l)

"Fe0-Si04(1)

1.

Na;0-25i0,(1)
Mig0-Si0y(1)
'FeO-Si0h(1)

Na;S(1) or FeS(l)
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Table 3. Approximate Amounts and Temperature Ranges of Stability of
Solid Condensed Phases Under Oxidizing Conditions*

1800 K 1400 K 1100 K
Si0;4(s) 75.0 68.5 52.7
52.2
A1203~Na20~65i02(s) 1.7
0
NasSO4(s) 0.
7.4
A1;03-2Ca0-Si0y(s) 8.1 8.3
CaS04(s) 133
11.4
Al O03-810,(s) 17.9
16 7
3A1,03-28104(s) 3.9 5.4
Al 03-MgO(s) 4.2
MgO:SiO,(s) 4.2 3.4
2.9
Fe304(s) 8.8
F6203(S) 13.6 II‘Q
9.4

*The numerical values are % moles of the corresponding species in the mixture of
all the condensed phases excluding the solution phase. Equilibrium and nonequi-
librium (see text) values at 1100 K are above and below the lines, respectively.
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Table 4. Approximate Amounts and Teinperature Ranges of Stability of
Solid Condensed Phases Under Reducing Conditions*
1800 K 1400 K 1100 K
Si0y(s) 77.0 79.2 28.5
56.2
A1203-Na20-65i02(s) Q_Z
0
FeS(s) 35.0
15.2
Al;03-8104(s) 6.8
17.0
3A1;,05-2810,(s) 9.0 8.2
Aleg-ZC&O-SiOg(S) 14.0 12.6 10.6
8.8
MgO-Si0a(s) 5.5
2.8

Alg Og‘FGO (S)

*The numerical values are 9% moles of the corresponding species in the mixture of
all the condensed phases excluding the solution phase. Equilibrium and nonequi-
librium (see text) values at 1100 K are above and below the lines, respectively.

79




log (PARTIAL PRESSURE, atm)

-4 —— EQUILIBRIUM \\-Noo
——— WITH KINETICS —
i - CONSTRAINTS ]
! | ! | | |
1600 1400 1200 1000

TEMPERATURE (K)

Figure 1. Partial Pressures of Important Gaseous Species During the Combus-
tion of Illinois #6 Coal. 30% Fxcess Oxygen is Used for the Combus-

tion.

30




i e

Na,0.2Si0,{l)

OF 2 2\ -
/r\\ :
\ * '
. \ 1
a4l FeO.Si0,(I) ' :
— \\ ]
c \ 1
o Y t
"'3 \\ :
v 1
O _» L L N 1
“: 2 Na 804“) \\ \\ :
® ~. \\ X
© Y
§ \\\ \\:
@ - — - i S
(@) 3 L” \\ :
—— \\"
]
]
4 f NaCI{l) ;
(]
:
-5 | ! N
1800 1600 1400 1200

Temperature,(K)
Figure 2. Composition of the Solution Phase Under Oxidizing Conditions. Con-

tinuous Line (—) and the Dotted Lines (- - -) Represent the Compo-
sitions Corresponding to Equilibrium and Nonequilibrium Conditions,
Respectively. The Concentration of Na;5(1) is Less Than 10* at All
Temperatures.




log(partial pr., atm)

1600 1400 1200
Temperature,(K)

Figure 3. Partial Pressures of Important Gaseous Species During the Gasifica-

tion of Illinois #6 Coal. 30% Deficient Oxygen is Used in This Case.

82




A MODEL AND DATA FOR -
FREEZING TEMPERATURE LOWERING OF 4 TO 7
COMPONENT MOLTEN SALT MIXTURES

H. William Prengle, Jr. and Sandeep P. Shah
Chemical Engineering Department
Wayne E. Wentworth
Chemistry Department

University of Houston, Houston, Texas 77004 USA

ABSTRACT

Research was conducted to find molten salt mixtures,
compatible with alkali metal sulfates, as media for ammon-
ium hydrogen sulfate reactions. Mixtures of mono- and di-
valent metal sulfates having freezing temperatures of ~ 550 K
were sought, pure sulfates melt at 1000 to 1300 K. Nine
divalent metal sulfates with three alkali metal sulfates
were used.

For interpretation of experimental data a thermodyvnamic
model was developed, the key parameter being the "ecxcess
entvopy-enthalpy function', positive values of the cxcess
function produce greatest effect. Results gave for 4-
components 640 K; for S-components 631 K; for 6-components
596 K; and 7-components 593 K.

INTRODUCTION

The Ammonium-ilvdrogen-Sulfate (AllS) energy storage cyvcle was pro-
posed 11 years ago by Wentworth and Chen (1), followed by process con-
figurations proposed by Prengle and coworkers (2,3). The duplex modi-
fication of the cycle proposed by Prengle in 1984 is based on conduct-
ing the two endothermic chemical reactions (4) in a compatible molten
salt (CMS) mixture. The first reaction (450-600 K) produces NHs, H;0,
and $,0, % by reaction of ammonium hydrogen sulfate with an alkali
metal sulfate, and the second (650-950 K) produces SO3 by decomposition
of the pyrosulfate. The duplex version of the cycle contemplates using
the scnsible energy in the excess CMS immediately; whereas the exo-
thermic recombination of the three product molecules would be accom-
plished for later use of the stored cnergy.

The research described in this paper concerns the search for CMS
mixtures of alkali metal, alkaline earth, and transition metal sulfates
which could be used as reaction media for the two reaction steps men-
tioned above. Specifically, the objective of the work was to discover
mixtures of mono- and divalent metal sulfates with freccing tempera-
tures of ~ 550 K, a significant lowering as the pure components melt
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in the range of 1000-1300 K.

LITERATURE SEARCH

Data on thirty-two sulfate eutectic mixtures were obtained from
the literature (5,6,7), including the alkali metal components Li, Na,
K, the alkaline earths Mg, Ca, Ba, and the transition metals Zn, Cu,
Cd, Pb, Co and Mn. It was hoped that some preliminary answers would
be revealed to the three questions: -the possible amount of freezing
temperature lowering, -the effect of specific metal ions, and -the
number required to get 500-600 degree lowering.

By analogy with the thermodynamic mixing property, a preliminary
lowering criterion can be defined. For example, for a local minimum
enthalpy, the mixing property, AHJ will be,

Mo — ,
AHT = E Xi(Hi - ) 0
where X., 1., H., are the mole fraction, partial mole enthalpy, and

pure componént éenthalpy respectively. Similarly, for a molten salt
eutectic mixture freezing temperature will be,

ATf =¥ X (Tg - Tfi) (2)
and, L Xi(Tf - Tfi)/ ATf =1z Xigi =1 (3)
each term in the series representing the fraction lowering, &., of the

freezing temperature for a given component. Using this methoé of
analysis, Table 1 presents the results for mixtures of alkali metal and
alkaline earth sulfates, indicating that in a preliminary way Li* had
the greatest erfect, K* was next highest, and Na* and Ba*? were lowest.

The remaining eighteen mixtures of alkali metal sulfates with
Group IB, IIB and VIB, VIIB and VIII were analyzed similarly. As a
preliminary guide to further experimental work, the final ranking of

the components, based on all thirty-two mixtures, in descending order
with some overlap was,

E(Li)>E(K)>E (2n) >E (Mg)
E(Pb) > E(Cd) > £(Ca) > £(Na) > £(Ba)
E(Cu) > £(Co) > E(Mn)
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Table 1 - Ei Contributions of Alkali Metal and Alkaline Earths

Mi xture £ _(Li) €, (Na) E_(X) £, (Mg) £ (Ca) £¢(Ba)
a b [3 d 3 £

Li 0.636 0.364 - - - -
L2 0.748 - 0,2523 - - -
L3 - 0.345 0.655 - - -
L4 0.744 0.084 0.172 - - -

Conclusion: Ea > EC > Cb

LI2 ~ - 0.623 0.377 - -
L8 - - 0.482 - 0.518 -
L7 - - 0.520 - - 0.480
120 0.657 - - 0.343 - -
L17 0.687 - - - 0.313 -
L16 0.502 - - - - 0.498
L28 - - 0.483 - 0.392 0.125
L30 - - 0.186 0.748 0.066 -
L29 - 0.255 - - 0.585 0.160
L32 - 0.320 0.334 0.342 - -

Conclusion: Ea > Ec > Ed > Ee > (b > Ef

EXPERIMENTAL

The search to find the desired 550 K freezing temperature mix-
ture(s) rcsulted in measurements on 45 four-seven component mixtures
of Li*, Na*, XK* sulfates with Mg*?, Ca*?, Ba*? alkaline earth sulfates,
ar' seven transition metal sulfatcs, Cd“%, Co*?, Cr*?, cu*?, Mn*2,
Pb*2, and Zn*?. The sulfates used were reagent grade of 99%% purity.
Mixtures of known composition were made up, melted, and held in liquid
phases for " 12 hours to insure ionic equilibrium, prior to determin-
ation of the cooling curve by electrical conductivity.

Figure 1 displays a typical conductivity-temperature plot, as In A
vs. 1/T, indicating an observed hysteresis cooling-heating curve.
Since primary interest is in the occurrenceof solidification from the
liquid phase, the values of T _and T_. were taken as more meaningful to
the objectives of the project. Simuftaneously the cooling curve deriv-
ative was determined and recorded electronically, displayved in Figure
2, permitting a more precise determination of the difference AT:TO—T .
This difference was used as a guide for successive estimation of new
compositions closer to the eutectic point. Details of the equipment
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used are pre: 'nted by Shah (8).

Tf— LOWERING MODEL

As the experimental work progressed it was apparent that a model
for calculation of the excess entropy and enthalpy was nceded to guide
the composition choices, a criterion more precisc than the §. ordering.
Consider the T-S loop cy.le shown in Figure 3, starting with the pure
components in the solid phase of a eutectic mixture. As the solid
phase is heterogeneous a generalized composition dependent structurce
is not possible; inst- id the pure components were chosen arbitrarily
as the starting point. Progressing around the cycle, points 1 to 4,
the sum of the entropv terms and the corresponding enthalpy teras, are
given by,

* - T
EXC en b s w28t wzxCm £ s -0 (1a)
i Lpel Tf m L ; ipli T m
R N~ E e v = et
; Xy pci(I - f) + uHm + “L + ; \inLi.If - T - uHm =0 {4b)
* * * * * )
where 4S_ = L X.AS ., AH = 2 X.AH ., and T = SH /&S . Solving
m i7" mi m i mi m m
for AS_ and LH_ gives,
m m «
AS (at T.) = AS. + AST 4 <aC sln - (4¢)
m f “m L “p T
* E * f
i = A <C > -
AHm(nt 1f) uHm + HL + «QLP (T TF) (4d)
where, <AC > = " X.C_ . - Z X.C .., the difference between the crvstal
p i pci i pLi
and liquid heat capacities. Combining by TfLSm = AHm glves,
tast e TSt e Tercstn Lot ol e acoT ST s
+ > —_— = <AC > - Rh
Pt fAbL + Tf (.p " Tf n P ( P {24a)
The two heat capacity terms can be combined, letting
-t * I
g = Te<t otn ae - e > (T - Te
p £ P f
T, + &T .
‘ T A2 T
= Te<tC [en( IR S LU S0
p T T.
£ t
AT MNT
= T.<) Sy o 5
IF<LCP>[(n (1 + 7 ) T ] (5t
f f
. _ AT .-
also letting, y = z— ; g = T<AC >[€n(1 + v) - y]; v 0.10 to 0.50,
?f f~p d
fn (1 +y) - v~y -ay? - y = -av’ = -a (A%IfWP (5¢)
f

where a = 0.422 *0.037, and g = —ay2<ACp> T (5d)

P
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Substituting into 5a and solving for Tg gives,

S A
o m L .
e = ¥ r N . (>e)
AS_ [l + ——= (AS, - ay’ &C >)]
m - L ol
25
m
. CE _ M AT 2. *
= A . = LY - < ’,*\ > 2
Letting u; = HL/UHm 5 us = [uSL a( Tf )] <HLP\] / Abm

*

* * *
then, Tf = A”m (1 + ul)/ASm (1 + up) =T (1 + )/ (1 +upy =T57

"
or, § = ~§- = (I+u1)/(l+uz) = 1 + u; - uy; + [higher nrder terms]
T .
The quantity of interest is the fraction Jdepression of T , called
noo= (1-t1)y. Ney'oceting the higher order terms gives,
D IS B I, L, ..* )
1 us - up = o (MSL - ay /(p ) ”L / “”m (6a)

Inserting che ideal entropy of mixiny and the excess cntropy, v7 in
terms of 1, and defining ¢E = (SE - H?/T ) gives the model equation,
R - - B e* I D ey et
o= -5 XL nX Y 4 ¢ /AS - AL > /LS
¢ 'q* (-5 Xltn\l) d /,Sm 1(1 — 1) (P / Sm (6h)
LS

The magnitude of the excess property function, Qh, being determined
primarily by the liquid phase excess entropy, which can be positive or
negative depending on the liquid nhase molecular configuration. For a
given cxperimental mixture, knowing o, <AC]>, and 8%, the value of
the excess function can be obtained, ! n

I

o ¥ - 1
o= oanS o+ RDONLUPaXL o+ oaf
m i i

I - o

12<¢cp> (6¢)

It is obvious thut a positive excess function is desirable to obtain
larger a-values.

THE CORRELATIONV PAIR

As a consequence of the model, combined with a Scatchard function,
a correlation pair results for the freeczing temperaturce lowering as a
function of the thermodynamic variables. FExamination of the -
function (LEan. 6b) indicates that it is a cubic-in-~ for which the
real root O<a<l is desired, and in this region can be represented by a
quadratic rather than a cubic. Defining,

I * < - = L * 7
w oz ASm/\ACP>, and z ¥ (¢ - RZ Xifnxi)/ASm {(7ay

followed by mathematical simplification of 6b leads to the Jdimension-
less form,
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7(2w)%/9 - w/6 (70)

Q
u

or the linearized form,
a/v = 7(2/w)%9 - 176 (7¢)

Neither equations 6¢ or 7a,b are predictive of ¢E, both requiring
experimental data; however, once a few values of the excess function
arc known as a function of composition for a particular group of
mixtures, a pseudo-binary Scatchard (9) function can be used to
correlate the values,

E . . -

2 XUNoAg L ¢ oar (Xy - Xa) +oax(Xy - X,)7 o+ L] (7d)
Equations 7a or b and 7d constitute the correlation pair of cquations.
For the case of sulfate mixtures, X; and X, were taken as X and X,
the mole fractions of the mono- and divalent metal sulfates respec-
tively.

RESULTS

Using model cquation 6c, values of the excess function were cal-
culated for the thirty-two literaturce and the fortyv-five experimental
mixtures. Por the divalent metals with alkali metal sulfates, some
cave positive values others negative values as indicated,

ngifj}3lAﬁkaulucs negative QL vilues

barium 5% cadmium 8%

calcium of all cobalt of all

lead positive copper negative

zing values magnesium values
manganese

A test of the «-correlation is presented as Figure 4 for the liter-
ature plus experimental mixtures with positive excess function values.
I'he computer generated curve as f(zw) gives a very good fit, r=0.985.

. S E
The positive ¢ -values were correlated as suggested by a Scatchard
function giving,

I . . . . o
2/ gmol K) = onmxd[l + aI(Xm - \d) + uz(\m - \d] ]

= 3,064 X [T+ 1.559(X - X ) + 16.99(X - xd)’] (8a)
(r = 0.990)

Plots of o“/xmxd Vs, (Xm - Xd) and &E Vs, \m are shown as Figures

S5a,h, the latter plot indicating that greatest temperature lowering
should occur in the ricinity of X = 0.20 and 0.80.

As regards our experimentally measured freezing temperatures, two
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ternary mixtures reported in the literature (4,6) served as the lowest
temperature starting point: 1) -an alkali metal sulfate mixture,

X(Li) 0.780, X(Na) 0.085, X(K} 0.135, Tg = 785 K; and 2) -a mixture
with zinc sulfate, X(Na) 0.190, X(K) 0.258, X(Zn) 0.552, Te = 661 K,
the effect of zinc being rather striking. Table 2 summariZes the
'best?’ 4,5 and 7 component mixturcs, and Figure 6 is a plot showing
the convergence of 6-component mixtures to eutectic compositions.

Table 2. Lowest Tf for 4, 5, and 7 Component Mixtures

N Composition xi Xm « T,K Tf

4 (Li) 0.3247 (Na) 0.1579 0.5567 0.4123 1103 649
(K) 0.0741 (Zn) 0.4433

5 (Li) 0.3268 (Na) 0.1586 0.5602 0.4550 1158 631
(K) 0.0746 (Zn) 0.3556
(Ca) 0.0842

7 (Li) 0.1600 (Na) 0.2600  0.6800 0.5220 1221
(K) 0.2600 (Ca) 0.0150
(Ba) 0.0100 (Mg) 0.0885
(Zn) 0.2065

(93]
e
vl

The research to date has achieved T, values in the vicinity of 590 K,
lower values should follow with additional work.

DISCUSSION

Three items are believed to be significant from the work, the fact
that: 1) -the mixture freezing point can be reduced more than 309 of
the linear combination freezing point, 2} -the proposed model can be
used to guide the search to the composition regions where greatest
lowering can be expected, and 3) -statistically the mono- and divalent
sulfate mixtures involved showed significant excess entropy and en-
thalpy. Concerning the latter matter, Lumsden (11) and Rloom (12},
following Hildebrand (10) have viewed molten salt mixtures as ‘regular
solutions; however, it was expected that the mixtures investigated in
this work would show excess entropy. The choice of the definition of
the excess function, #E = sb - HE/T*,.was a matter of mathematical
convenience, as individually St and HE can not be separated. Those
mixtures with positive excess function showed values of 0 < ¢F < 4,
J/gmol K, which is considered to be primarily entropy, as enthalpy is
small when divided by T*.
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THERMODYNAMICS OF 1-METHYL-3-ETHYLIMIDAZOLIUM
CHLORIDE -- ALUMINUM CHLORIDE MIXTURES

C. J. Dymek, Jr., C. L. Hussey, J. S. Wilkes and H. A. Qye*

The Frank J. Seiler Research Laboratory
United States Air Force Academy
Colorado Springs CO  80840-6528

ABSTRACT

A thermodynamic mode!) for liquid mixtures of i-methyl-3-
ethylimidazolium chloride - aluminum chloride is presented.
The model is based on EMF and vapor pressure measurements.
It assumes the presence of the anions, C1-, AlClg™, Al,Cl7™,
A13Cly9™. as well as Al,Clg and equilibria between them.

The most remarkable feature of this system is the strong
dependence of AlCij activity on composition in the acidic
region and the presence of Al3Clig~ as a dominant species
around 75 mol % A1C13

INTRODUCTION

Melt mixtures of l-methyi-3-ethylimidazolium chloride (MEIC!) --
aluminum chloride are molten at room temperature for aluminum
chloride concentrations between 30 and 67 mole % (1). Its Lewis
acidity varies within a wide range from the very basic melt with
excess MEIC! to the acidic melts with excess aluminum chloride. The
melt mixtures are of interest as a battery electrolyte, a solvent for
unusual oxidation states, and as a homogeneous catalyst for organic
reactions.

Recently the melts have been characterized thermodynamically
between 46 and 68 mole % AICl3 by EMF measurements using aluminum
electrodes (2). A study extended further into the acidic range is of
importance to obtain a complete thermodynamic description of the
melts and to clarify which species are present throughout the
composition range. Using a vapor pressure method, activities with
respect to liguid aluminum chloride can be calculated and a thermo-
dynamic model can be constructed which predicts vapor pressure,
activities, and the EMF's of galvanic cells.

*Permanent Address: The Technical University of Norway, N-7034
Trondheim-NTH, NORWAY
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EXPERIMENTAL

The vapor pressure was obtained by a boiling point method. The
principle and theory of this me<thod nave been given by Motzfeldt,
Kvande, and Wahlbeck (3) and only a short outline is presented here.
The sample is contained in a ce!l with a capillary cpening, n the
present case made from pyrex glass (cf. Fig. 1). The -eii is placed
in a recording thermobalance and brought to temperature unger Ny
pressure. Theoretical treatment of the transgort processes (3) gave
the following expression for the rate of weight crange w:

cool 2
SRR LI IUIA: LS
T-exp(w/A) ‘

In this equation, Pg is the external pressure, ano P is the
equilibrium vapor pressure of the melt. The parameters A, B, and C
are related to gas giffusivity, heat transfer and gas viscosity,
respectively, but for the present purpose may be considered empirical
constants for a given experiment at constant temperature. What is
important here is that Eqn. 1 allows calculation of P from the
experimental quantities, Pg and w.

A commercial thermogravimetrical analyzer was used for our
studies (Perkin-Elmer TGA7 Thermogravimetric analyzer). It was
connected to a MENSOR Quartz manometer/controller™ with a nitrogen
reservoir and a vacuum pump. The TGA7 was fully computerized but
could only take total weight of S grams including the crucible. To
accommodate the crucible and achieve a larger zcne of constant
temperature, the lcw-temperature furnace of the TGA7 was replaced
with a larger furnace made of a quartz tube with externaliy wound 2.2
mm Pt wire having the same resistance as the original furnace. 8.5Q.

In earlier work on chioroaluminates (4,5,6), the initial outer
pressure was larger than the vapor pressure and the outer pressure
was then steowise icwered, the weight loss increasing mavkedly wnen
the outer pressure becomes lcwer than the equilibrium vapor
pressure. The vapor pressure was obtained by a fitting of the mass
loss data to Egn. 1. As the evaporating gas had a composition
different from that of the melt, a continucus change in melt
composition resulted. This was accounted for by correction
procedures (5,6).

The problem with a changing composition of the melt during the
present experiment is much more serious due to the smaller sample
size (2 g versus 40 g) and a very strong dependence of vapor pressure
on composition. Using the procedure mentioned above led to having to
"chase" a rapidly diminishing pressure. The resulting break in the
weight loss curve was not sufficiently pronounced and the correction
procedure was difficult to employ. It was then decided to change the




v —— 4o

procedure and turn this apparent weakness of the present set-up into
an advantage.

The first modification was to lower the initial externa! pressure
below the equilibrium pressure, and then let the sampie boil itseif
toward the composition which corresponds to the external pressure.
The equilibrium pressure was determined from the weight loss as
follows:

In the chosen pressure range where Pe < P, S3n. 1 ‘5 simpiified
to
-w = {{Peyp (w/B)2 - Pel] (2)
neglecting diffusive gas flow.

As the weight change Aw for one experiment with constant Pg is
small relative to the total weight and the gas consists only of
aluminum chloride

AXp = k' aw (3)

Xall-Xp) + (1-Xp)2 (MMEIC1/MATCty)
W

where k'

where M is the molecular weight of the suoscripted species, Xja
denotes the stoichiometric mole fraction of AICI3 = naicy13/(natCI3 +
"MEIC1?. and w is the sample weight.

For a limited range, the vapor pressure of A12Clg fs assumed to
follow the relation

d In P o=k"d ¥y (4)

Eqns. 2-4 gives the following differential equation for the weight
change rate

. 2 2
v o= CIPT @8OY e et (%)
o

where Py is the pressure at the start of the evperiment at t'me t=C
and Aw=0, a=2k'k" and a=2/B. This equation can snly be solved for

Jaw| < 1, so that

w .
o™ =1 4 oaw
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This gives

2 adw . 2
CPO e CPf

2 adw
1+ G.CPO e

and integration of Ean. 6 gives:

o va |n]0 fl-t M
2
cp? a | P | p

The quantities Py and a can be obtained in an iterative fashion
and the constants C and a by fitting of Egn. 5, 6 or 7. A two point
fitting is most easily done by the use cf Egqn. 5 as the experiments
give both w and dw and no aggroxtmation is involved. The fitting is
done for t=o where Aw=0 and for the end time, t.

After determination of a and C, aw for w = -0.1 mg/min is
calculated. The composition of the melt which has this weight change
Aw is now taken to be the melt which has a vapor pressure Fe. The
rationale for setting w = -0.1 mg/min instead of O was justified from
calibration experiments with ethyleneglycol combined with the fact
that Eqn. 5 will extrapolate the data too far due to neglect of
diffusive gas flow. Examples of experimental data are shown in Fig.
2. This procedure worked well for external gas pressures in the
range 0.4 - 0.7 atm., but at lower external pressures, the time t for
w = -0.1 mg/min becomes exceedingly long making the extrapolation
procedure uncertain.

In the second modification, the initial external pressure was
again lowered below the equiiibrium vapor pressure resulting in
boil-off of AICl3. But the external pressure was increased in steps
until boiling stopped as indicated by the levelling off of the rate
of weight loss. The composition at that point corresponded to a melt
which had the vapor pressure Pg. For both methods, melt mixtures
from 80 to 66 mol % could be studied with a single experimental
sample. It was however necessary to raise the temperature when the
vapor pressure became too low for easy measurements (< 0.05 atm).

IIT. THERMODYNAMIC MODEL AND CALCULATICNAL PRQOCEOURES
The model assumed the following melt species to be present in the

melt: 1-methyl-3-ethylimidazolium (MEI*), Cl-, AICl4~, AlCly-,
Al3Clyp~, and AlClg.
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Three independent equilibria are formulated between the species:

a aGO.S
AICl4~ = C17 + 0.5 Al,Clg — = K] (8)
a4
ag a60.5
AlpCly~ = AICI4~ + 0.5 Al,Clg — = Kq] (9
a7
a7 a60.5
Al3Cl1g™ = AlRCly~ + 0.5 A1pClg — = KIII ao
a190
where
ai = Yi X5 ., «an

the subscript referring to the number of Cl's present in each species,
and

- ;
AH;0 (To) aS;9 (To? ACp0; T Tg = T
Ky = exp 4~ + + In .+ 12)

RT R R TS i

where T is the temperature of the experiment and Ty is the standard
temperature.

X; is gdefined as a modified Temkin ion fraction (7), i.e. as an
anion fraction where the neutral Al;Clg is counted among the anions.
From this definition the following mass balance equilibria are
obtained:

Xg + 2X7 + IXjg + Xg€2 - X /01 - Xa) = Xp/(1 - Xp) (13
and ) + Xg + ‘7"(‘0"’(6= [ (14)
where Xp is defined as at E£gn. 3.

Presently the activity coefficients Y; in Ean. § are set equal to
unity. This is equivalent to setting them to be constant and
incorporating them into the equilibrium constants. The ACp°; in Ean.
12 is set equal to zero. Knowing Ky, Kyy. and Ky, as functions of

temperature, Eqns. 8-14 can then be used to calculate the five ion
fractions as well as the activity ag.

97




The program MCDFIT (8) programmed for a personal computer was
ssed to determine the equilibrium constants Xy, <jr. anrd Kyry, by
minimizing

F = I¢log ag lexpl - log ag [caich?

This criteria is equisalent to 3 relative least sguare fit of the
/alues proper, but avoids the very small numbers for basic melts.

The experimental total vapor pressures were convertad to
activities gtitizing data from the JANAF tables (9) as well as
considering the smai' amount of AICl3 in the vacsr pnise:

on

AICTy (1) = AICI (gD

Kig = exp {76.65 - 13159.6 T-1 - 9.474 1rT « 7.33 10737

- 3.903.10°672 + 1.3.10-913 - 0.1929.10- 1414
2 AICI3 (g) = AlaClg () (16}

K15 = 2xD {-23.6162 + 15588.4.T-1 + 0.5482 1n7 + 3.32.10-37

- 1.96.13°8 TS L 0.774.10-973 — a.137.00-14Tdy

Tt2oaztivity ag Y5 othen given as:

B - /B2 - aply. N

- - 2 D2 = ¢
T o P S P I —— K
- - 2Kg - <ige
anere B = Py » 1/Kig. A5 the internal transport numter of ME[* i3
anity (10,110, the tMF data can ce transferred to activity oy the
relationship (12):

6F T - Xa
dInag= - — | —_Jdt (RN
RT 1 + 2Xp
The integration constant wss chosen so that this EMF data
overlaps with the vapor pressure data.

Although Egns. 8-14 are a straightforward set of equations to
solve for the anion fractions and the ag activity in an iterative
fashion, the solution may easily diverge if proper starting values
and restrictive conditions are not introduced, especially near the
equivalence points, Xacaq) = 2.30, 0.667 and 0.75. The following
procedure was successful. Close to the equivalence points, Xa =
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Xa(eq)+0.02, the majority species was first calculated for the
equivalence composition assuming only the three mcst prominent
species present. Then the second most prominent species was
calculated for the same composition. The three -sma‘ning sgecies
were calculated from Egns. 8-10. A better value for tne second
species was then calculated from Egn. 13 by requiring the ratis
between the two most prominent species to be unchanged, and in
improved value was tren opta‘ned for the first specfes from Ian. 4.
The process was repeated until all mole fractions changed with less
than £0.00001. Ffurther apart from the equivalence point, the
iteration procedure was less critical and the starting values were
calculated considering only the two major species. Using this
procedure the final result for each composition was usually sbtained
with less than 10 iterations. 7o find tne vest :et of Ky, K. ang
Kiry. the constants were first varied one at a time and afterwards

1

all constants were varied simuitaneous'y.
IV. RESULTS

The original EMF data were averaged from *two or three
independent experiments and integrated to ogtain activities using
Eqn. 18 and are given below. For the three 1iffe-ent temperitures,
the activities of Al,Clg for Xy = D.60 have been arb'trarily set
equal to unity.

40°C

XA 0.4745 0.4798 J.4853 3.4903 2.4352
log ag -29.983 -29.755 -29.446 -25.085 -28 533

7.5204 0.5310 7.5415 G.5504 3.5595 J.569
-1.369 -1.465 -1.168 .90 1635 -3.5C6
0.5798 0.5904 0.6003 0.6:C2 2.6205 ).6308
-0.324 -0.141 7.041 0.209 0.430 J.689
3.6411 0.6511 J.6612 0.6714
1.039 1.435 2.036 2.873

50°C

Xa 9.4850 7.4506 J.4343 D.821! 7.5288 ).5387

Tog ag -29.222 -27.567 -28.748 -1.806 ~1.541% -1.283
0.5509 0.5598 0.5698 0.579% 0.5857 0.5999
-0.972 -0.767 -0.562 -0.372 -0.175 0.002

99




60°C

log ag

The
ignoring
t°C
Xa
log ag

In o
pressure
obtained

with a s
the acti

concentration of the different species for t=250°C.

0.4648 0.4691 0.4751 0.4800 0.4852
-29.205 -29.082 -28.854 -28.597 -28.279
0.4952 0.5198 0.5312 0.5410 0.5512
-27.263 -1.852 -1.442 -1.176 -0.926
0.5711 0.5784 0.5867 0.6001 0.6103
-0.4858 -0.3416 -0.1898 0.0046 0.2353
0.6296 2.6410 0.6503 0.6605 0.6713
0.683 1.009 t.397 1.898 2.505
0.6909
3.871

vapor oressure data were transformed into_ag by Egn.
the presence of AICI3 i.e. ag = Pyot/KgKgl:
206 236 267 191 191
0.7572 0.7281 0.7114 0.7788 0.7665
-0.61 -0.961 -1.360 -0.427 -0.552
219 219 265
0.7233 n.7118 0.7049
-1.278 -1.676 1700

rder to get a smooth

0.4902
7.890

0.5597
-0.736

0.6212
0.4782

.6804
.120

w O

191
0.7383
-1.030

overlap between the EMF and the vapor

data, the value 6.5 was subtracted from all log ag data

by EMF measurement. The fit gave the following parameters:
[ 11 [11I

AH (k2 55.40 2.81 6.21

as (J/K) -191 -53 0.9

log K (40°C) -19.2 -3.2 1.0

tandard deviation in the fit equal to 0.107.
vity ag for t=40°C and t=250°C and the calculated

It must,

Figure 3 shows

however, be stressed that the data are preliminary and more accurate

data are

experiments.
calculated assuming the
Higher polymeric anions

present.

expected to be
It should

cbtained after performing furtrer

Nevertheless three features stand out:
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also be remembered that the mole fraction is
activity coefficients to be constants.
with four or more Al atoms may also be




1. Acidic melts are stab’e versus gaseous decomposition up to 2t
least 300°C even if they attain a dark color.

2. Not only is the activity change tremendous around 30 mol %
A1Cl3, but the AICI3 activity changes much more strongly with
composition in the acidic region than for alkali chlorcaluminare
melts.

3. Substantial amounts of higher polymers 1ike A13C1in~ must be
present to explain the strong change in AICl3 activity around X =
0.75.

Raman spectroscopic studies are under way to clarify the presence
of higher polymers.
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VAPORIZATION OF WATER FROM HYDROUS MELTS
AND CONCENTRATED ELECTROLYTE AQUEOUS SOLUTIONS
Shigehito Deki, Masaharu Fukui,

Akihiko Kajinami, and Yukio Kanaji

Department of Industrial Chemistry,
Faculty of Engineering, Kobe University
Rokkodai, Nada, Kobe, 57 Japan

ABSTRACT

Vapor pressure of hydrous melts and very concentrated
electrolyte aquecous solution were measured with the sys-
tems 7ZnClz2-H20 and CaClz-Hz20. The measurements weoere
made at various temperatures in the composition range of
r(water/electrolyte)=1.27-20.0 for 7ZnClz-H20, or r=4.23-30.0
for CaCl:~H:0 by the transpiration method. From the
temperature dependence of the vapor pressure, the en-
thalpy and entropy of vaporization were determined. The
correlation between them showed two different types of
linearity indicating Barclay-Butler rule for each system.
To explain these results , the existence of different kinds
of ion-water interactions were proposed.

INTRODUCTION

Hydrous melts and very concentrated electrolyte aqueous solu-
tion, containing hydrate melts, arce situated near the end of the
concentration scale of the electrolyte in molten salts-water systems,
if it could be allowed not to take account ofthe difference in tem-
perature (1). Therefore, they have two kinds of aspects,as a mol-
ten salt and an electrolyte aqueous solution.  The studies on these
regions are expected to do much for both of molten salt chemistry
and aqueous solution chemistry. Especially, the investigations on
the chemical or physical behavior of water in these systems are
very interesting and important in order to understand the
properties of water in molten salts at high temperature or in the
hydration sheath around ions of dilute agueous solutions. In them,
most of water molecules are under restriction of ions and the
water-ion interactions are highly associated with ion-ion interactions.

For the purpose of studying the physico-chemical properties

of water in hydrous melts and very concentrated aqueous solutions,
the vapor pressures of water for the systems ZnCle-Hz:00 and CaClz-
Hz0 were measured over a complete concentration range, as far as
they were stable liquids at various temperatures of 30-145 °C, by
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using the transpiration method.

EXPERIMENTAL

The preparation of hydrous melts and the concentrated solu-~
tions was reported earlier(2).

The vapor pressure of waler over the electrolyte-water sys-~
temsg were determined by the transpiration method using a Karl-
Fischer automalic titrator. The apparatus for the measurement is
shown in Fig.l. N: gas was used as a carrier gas. The dried
and prcheated carrier gas was first eqguilibrated with the
clectrolyte-water systems at a known temperature in the sample
chamber, and finally passed through anhydrous melthanol in the cell
of Karl-Fischer automatic titrator for the measurements at low tem-
peratures , or through a cold trap, cooled with liquid nitrogen, for
those at high temperature. On the latter case, after flowing carrier
gas for the given period of time, the cold-trapped water was heated
and cvaporated to put into the cell of titrator with carrier gas
flow. Samples werce maintained at the known temperatures with a
water bath or an electric furnace thermo-controlled. To prevent
the vapor from condensation, the paths were kept at 5 °C higher
than measuring temperature . The ecquilibrated vapor pressure was
determined as the value at the plateau on the plot of vapor pres-
sure v.g. flow-rate of carrier gas (3)., Testing the accuracy of this
method, measurements were made with purce water at differcent tlem-
peratures.

RESULTS AND DISCUSSION

Trangpiration measurements were made mainly on the systems
of 7nClz-H20 and CaCl~H20 in the temperature ranges of 30-145 °C
for the former systems and 30-120 °C for the latter. Their com-
position ranges were 1.27-20.0 for ZnClz-H:0 and 4.23-30.0 for CaClz-
H20 of water/electrolyte ratio (r). On being measurcd under these
conditions, all the samples were stable as ligquids.  However, not all
compogitions could be investigated at all temperatures because of
the limitations of Lheir melting point  or solubility. Before and
after the measurement, the change of the composition was negligible.

The variations of vapor pressure wilth the composition are
shown Fig.2. For CaCli-H20 system, the linearity of vapor pressure
in the mole ratio of water were kept up to r=5. For ZnCle-H0 sys-
tem, the linearily could not be recognized, as had been reported
with nitrate-waler systems by fripp (4).  The relationship  between
activity coefficient of water and composition for the hydrous melts
was shown in Fig.3. The activity coefficient was so small that it
indicated water molecules intensively restricted with ions, and that
of CaClz-Hz20 was smaller than that of 7ZnCle-H0 by a factor of




about two at corresponding mole ratio in the composition range up
to ca. r=6.

From the data on tke temperature dependence of vapor pres-
sure, average enthalpy and entropy of vaporization were determined
by the ordinary method. The plots of the enthalpy of vaporization

v.s., composition are given in Fig.4 aad 5. In spite of beinyg
determined in different temperature ranges, the plots for each sys-
tems are correlated by a single line, However, the correlation for

CaClz-1120 remarkably differs from that for ZnCle-1R0O, It has a maxi-
mum at ca. v=6 in the plots,  For 7ZnCl-H0, the enthalpy  increases
with the decreasie of water content and the cocrclation shows o dis -
. cernible shoulder ot rz3-1,

The entropy of vaporization for these systems showed  soanidar
correlation with theiwr composition to that of the enthalpy. The plots
cof entropy vese enthalpy of vaporization, Barclay -Butler  plots, e
shown in Fig.8, With both systems, they give fwo different straight
lines distinguished by the composition ranges, [ the ramge ofF
those composition, each correlation shows the Barclav-Buticr puale
which expresses the similar process of vaporiotion, and it is suyg-
gested that water molecules 1in those composittion rinces are under
similar resteiction (5). In other words, it soems that wiater-won i -
teraction changes at rz2.8 for 2nCle-Ha:0 and rz8 for CaCl-Hzo,

From these resuits, it is concluded that the on-water interac-
tions in the CaCl-H:0 system are weakened by norcasing cation-
Canion interaction at a water content region less than rzi-6 and
the water molecules i the ZnCl-120 system are trapped among in-
Ccreased aggregated spoecies of 7nCl; oat a4 water content region
less than rz3-1
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THERMODYNAMIC PROPERTIES OF MOLTEN MACNESIUM CHLORIDE

HYDRATES IN PRESENCE OF POTASSIUM CHLORIDE

H.-H. Emons, A. Dittrich, and W. Voigt

Bergakademie Freiberg, Sektion Chemie
Leipziger Str., Freiberg 9200, Germany

ABSTRACT

Vapour pressure measurements had been performed in the ternary
system xKCI + (1-x)]{MgClg + R H30} ui tC a maximum tempera
ture of 523 K. The investigated compositions varied between

0% x #0.3and 4.6 = R 2 6.0. From the experimental vapour
pressures water activit